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Nanomagnetic Logic: from devices to systems

Fabrizio Riente, Markus Becherer and Gyorgy Csaba

Abstract A digital computing system with ferromagnets as switches, magnetic stray
fieds for computation, and domain walls for information transport — is it a curios-
ity or ready for ultra-large-scale-integration? Over the last decade, starting from
sub-micrometer sized Nanomagnets comprised of Co/Pt multilayers, a functionally
complete set of logic gates and memory elements were experimentally demonstrated
as a potential co-processing unit for CMOS microprocessors called perpendicular
Nanomagnetic Logic (pNML). From the beginning of this endeavor, not only sin-
gle devices but investigations of complex circuits like full-adders and multiplexers
finally culminated in an EDA tool called ToPoliNano. It offers a complete design
flow for system-level exploration of field coupled technologies, including pNML. In
particular, its layout editor MagCAD provides the possibility to design, simulate and
re-use pNML modules in larger architectures. The underlying compact models are
continuously adapted to newest developments in pNML technology, e.g. improve-
ments in materials, device design and exploitation of novel physical effects. With
that, efficient and reliable benchmarking against CMOS implementations is possible,
and important system level aspects are directly fed back to the technology and device
engineers.

Fabrizio Riente
Politecnico di Torino, Department of Electronics and Telecommunications Engineering, 10129,
Turin, Italy e-mail: fabrizio.riente @polito.it,

Markus Becherer
Technical University of Munich, Chair of Nanoelectronics, Arcisstrale 21, 80333 Munich, Germany
e-mail: markus.becherer@tum.de

Gyorgy Csaba
Peter Pazmany Catholic University, Faculty for Information Technology and Bionics, Prater u. S0A,
1083 Budapest, Hungary e-mail: csaba.gyorgy @itk.ppke.hu



2 Fabrizio Riente, Markus Becherer and Gyorgy Csaba

1 Introduction

Nanomagnetic logic is a spin-based computing architecture that uses the magneti-
zation state of nanoscale ferromagnets to store, propagate and process information.
It is radically different from conventional electronics as it does not use charge, only
the spin degree of freedom for computation, yet it is functionally equivalent to dig-
ital electronics. A Nanomagnet Logic (NML) circuit can do everything that, say, a
standard CMOS digital circuit could do, and perform its tasks in a potentially sig-
nificantly more power efficient way and with robust, nonvolatile storage integrated
into every computing step.

It must be admitted that, as of the time of writing, NML is not the fanciest of all
emerging nanoelectronic devices. For example, molecular electronics promises much
smaller devices as molecules (being much smaller than nanomagnets) can be packed
more densely. NML is also a digital computing technology, so powerful analog
computing ideas and quantum computing cannot be done in the NML framework.
Photonic computers can be orders of magnitude faster. But there is at least one
aspect of NML that is unique and way beyond most emerging nanosystems: NML is
inherently a system concept, where device and interconnections are essentially the
same thing, and there is a clear, demonstrated path toward large-scale computing
devices. Unlike most other novel nanoelectronics, NML is ready to be engineered to
large-scale circuits, with no roadblocks hindering its scalability.

The purpose of this work is to present the principles of NML to a VLSI designer
(or VLSI-minded researcher) and collect all the information that is required to design
large systems. We will discuss in detail the relevant theory to actually design NML
circuitry. A few case studies on more complex systems will be presented using the
ToPolinano / MagCAD design suites.

The physics of NML will be discussed in less detail and the reader is referred to
other publications about the physical background or the fabrication details of NML.
For more physics or device oriented reviews the reader is referred to e.g. [14] [10]
[36] [91 [5] [55] [20] [37].

This work would like to serve also as an invitation to design and benchmark NML
circuitry and find killer applications for this technology.

1.1 A brief history and nomenclature

The roots of NML go back to Quantum-dot Cellular Automata (or QCA), a ground-
breaking exotic electronic concept from the late 1980s. The idea behind QCA was
to use Coulombic interaction, rather than current flow, to perform computation. At
its heart, QCA is an architecture idea, and many different systems may realize QCA
computation. The originally devised (quantum-dot based) implementations were
challenging to realize - single electron devices and nanomagnets turned out to be a
much more fertile experimental playground. Due to this origin, early NML devices
were named magnetic QCA and can be found as such in the corresponding papers.
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The promise of nanomagnets for computation was first realized by Cowburn [1]
and the first NML gates were built a few years later [33]. These implementations
used in-plane nanomagnets, i.e. where the digital information is represented by an in-
plane magnetization direction [S3][18][52]. Sometimes such devices were referred
to as iNML circuits. While nontrivial devices were realized (such as a 1-bit full adder
[54]), it turned out that the in-plane magnetization seriously restricts how the circuit
can be arranged in 2D so scaling up the circuits became impossible.

A newer version of NML (often referred to as pPNML) uses out of plane (perpen-
dicularly magnetized) nanomagnets, realized from Co/Pt nanomagnets. The intro-
duction of out of plane magnetization required perpendicular magnetic anisotropy
(that Co/Pt has) and it turned out the engineering the anisotropy brought came with
many additional benefits. pPNML devices have well-defined signal propagation direc-
tion (nonreciprocity) [13], and the shape of the magnets and their arrangement can
be varied with much larger freedom. The subject of this work is exclusively pNML
devices, because they provide a clear path toward larger-size computing systems.

2 pNML Working Principle
2.1 Structure of the magnetic stack

In pNML technology, the binary information is encoded in two stable magnetization
states of single-domain nanomagnets. The magnetization pointing up or down rep-
resents respectively the logic 1 or 0. The elementary bit of information is made by a
multi-layer stack that shows strong perpendicular magnetic anisotropy (PMA). The
stack is composed of ultrathin ferromagnetic (FM) layers separated by non-magnetic
metal layers [35]. The thickness of the layers determines the magnetic properties of
the device. The magnetic anisotropy Keg, with the saturation magnetization My are
the most important parameters to design pNML devices. The effective anisotropy in
PMA devices should be greater than zero and is given by:

1 2K,
Kepr = Ky — = poM? + (1)

2 Lef fr

With K, the uniaxial anisotropy, My the saturation magnetization, Ky the sur-
face anisotropy and Keg,,, the effective thickness of the ferromagnetic layer. The
anisotropy energy, expressed in the general form as:

Eanis = eff * Sinz 0 ()

is minimized for 6 € {0,7} in PMA films. This means that the magnetization is
perpendicular to the plane. On the contrary, if Keg is lower than zero, the anisotropy
energy is minimized for § € {-7%,7}. To guarantee the single domain state, the
minimum feature size should be smaller than the domain size. In other words, a
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feature size larger than the domain size results in a multi-domain configuration being
energetically more stable. Thus, to keep the two-stable states behavior, the critical
domain size derived from the domain wall theory (Eq. 3) should be considered in
the design of pNML devices.

3)

For a typical 5 bi-layer Co/Pt stack, Keg ~ 2.8 x 10°Jm™>, A= 1.3 x 107" Jm™!,
M= 7.2 x 10> Am™~! and the critical domain width reads DW,.,.;; ~ 210 nm.

The magnetic properties of the film can be tailored by adjusting the composition
of the stack. The perpendicular magnetic anisotropy can be engineered by varying
the material of the ferromagnetic and non-magnetic layer, the number of layers,
their thickness, and the crystal orientation. The crystal orientation is induced by the
seed layer, which is interposed between the substrate and the magnetic stack. The
Pt induces the crystal orientation, i.e. the texture of the whole magnetic stack [35].
Its thickness ranges between 3nm to 5nm to enforce the PMA [17]. The general
structure of the magnetic stack is schematized in Fig. 2.1. The magnetization reversal

a b
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Ta |
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Fig. 1 a, Schematic representation of the Co/Pt magnetic stack. b, Stoner-Wohlfarth particle with
uniaxial anisotropy.

in PMA thin film and magnetic multi-layer starts from the weakest point (e.g. a defect
in the crystal), nucleating the domain wall, followed by domain wall propagation. The
domain wall nucleation is often modeled as a coherent reversal process and can be
described by the so-called Stoner-Wohlfarth model. This analytical model describes
a uniformly magnetized ellipsoid with uniaxial anisotropy, whose energy density is
given by the contribution of the uniaxial anisotropy and the external magnetic field,
Eq. 4.

Egw = Kysin®0 — uMyHcos(0 — @) )

The particle is subjected to a static external field H with angle a with respect to the
easy axis, and the magnetization M is rotated by the angle 6. The uniaxial anisotropy
and the external field compete to the final orientation of M. The total energy is
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minimized for @ = 0, 8 = 0 if K; > 0. The minimum field required to saturate the
particle can be obtained by minimizing Egy, with 6 = /2 and results in Eq. 5.

2K,
#OMS

Hanis = (5)
The obtained expression represents the field required to reverse the magnetization
of the particle with a certain anisotropy value.

For building logic devices, it is important to control where the domain wall nucle-
ation takes place. The magnetization reversal generally arises in a low anisotropy
area (Eq. 5). In an as-grown stack, it occurs in correspondence of defects or inhomo-
geneities of the film. In order to control the domain wall nucleation and overcome this
weak anisotropy spots distribution, the local reduction of K.g by Focused Ion Beam
(FIB) irradiation is widely used. To avoid the nucleation from as-grown randomly
distributed defects, one side of the magnet is usually irradiated. The irradiation
defines an artificial nucleation center (ANC) where the domain wall nucleates.

2.2 Properties of the hysteresis loop

Before going into the detail of the artificial nucleation center, the most important
parameters of the hysteresis curve are recalled. The hysteresis plots the variation in

Hysteresis

§ = t

s 05

Hprop He=Hnue H

-0.5

* o ; p
Magnetic Field (mT)

Fig. 2 a, Ideal hysteresis curve where the most important parameters are highlighted. b, Measured
hysteresis loop on Taj 7nmPtanm [C00.75nmPt1 4nm Jxa Pt2.75nm as-grown film.

the magnetization as a function of the applied field. The main parameters on the
hysteresis are:
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* the saturation magnetization Mj: it is reached when all the magnetic moments are
aligned along the same direction of the applied magnetic field.

 the coercive field H,: it is the field required to reverse the overall magnetization
of the sample. It is usually considered equal to the nucleation field.

» the remanent magnetization M;: it represents the magnetization left in a ferro-
magnetic material when the external field is set to zero after saturation.

* the nucleation field Hy,: it is the magnetic field required to reverse the magneti-
zation in a small area of the magnet. It identifies the field required to nucleate a
domain wall.

* the propagation field Hpop: it is the field required to propagate the domain wall
after its nucleation. Usually Hprop < Hyye.

The remanence field is extremely important in pNML devices because the magne-
tization has to keep its alignment even when no external field is applied. Ideally,
M;=M;. The remanence makes it possible to define two stable conditions which
encode the logic 0 and 1.

2.3 Defining artificial nucleation centers

The definition of the ANC by FIB irradiation during the fabrication process gen-
erates a low anisotropy region and a step in the anisotropy from the irradiated and
non-irradiated portion of the film, see Fig. 2.3.b. Therefore, the nucleation field not
only depends on the anisotropy field at the ANC, but also on the depinning field to
overcome the step in the anisotropy. Fig. 2.3.a schematizes the region that is usually
irradiated during the fabrication process.

The real challenge in pNML technology is to precisely control the nucleation mech-
anism from surrounding input magnets. The locally reduced PMA decreases the
switching field from its intrinsic value H¢ g to its coercivity H. Fig. 2.3.c shows a
typical hysteresis curve of a common magnetic multi-layer stack after FIB irradiation.
The highly accelerated Ga* ions intermix the magnetic stack, resulting in a narrower
hysteresis. The FIB induced defects in the nanomagnet should dominate the domain
wall nucleation over the randomly distributed defects in the film. The user-defined
ANC makes it possible to determine where the nucleation reversal starts, enabling
the implementation of logic functionalities. Indeed, the stray field from neighboring
magnets can support or prevent the domain wall nucleation.

Fig. 2.3.e shows a chain of four nanomagnets. Each magnet is coupled ferromagneti-
cally or anti-ferromagnetically to its closest neighbor according to its magnetization.
Without having a FIB irradiated side on the magnets (left in this case), it is not
possible to determine in which direction the signal is going to propagate. Therefore,
the definition of the ANC and its position is not only extremely important to control
the domain wall nucleation but also to define the signal propagation direction.
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Fig.3 a, The local FIB irradiation partially reduce the PMA. b, Step in the magnetic anisotropy after
FIB irradiation. ¢ FIB irradiated magnets show a narrower hysteresis loop reducing the switching
field to its coercivity. d Binary information encoded in the two stable magnetization states. e, The
FIB irradiation on one side of the magnet defines the signal propagation direction.

3 Computing with no current
3.1 Coupling and clocking field

In section 2.3 the important aspects of the ANC have been described, highlighting
the necessity of reducing the PMA on one side of the magnet. The logic computation
is achieved by dipole coupling and its strength decays rapidly with the distance. The
coupling strength can be approximated with Eq. 6.

C~ M,V
473

(6)

It is proportional to the volume (V) of the magnet and inversely proportional to
the distance (). It is clear that to reach a high coupling field, the distance should
be as small as possible. However, the coupling field from the surrounding magnets
is not sufficient to nucleate the domain wall on its closest neighbor [36][21]. The
magnetization reversal is achieved by the superposition of the input stray field and the
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Fig. 4 a, Random initial magnetization for M1, M2, M3, and schematic hysteresis curve of FIB
irradiated magnets. b, The hysteresis curve of magnet M2 is shifted to the right when a positive
external field is applied and the coupling from the input magnet supports the domain wall nucleation.
¢ The hysteresis curve of magnet M3 is shifted to the left when a negative external field is applied
and the negative coupling supports the magnetization reversal. d, The minimum pulse width to
determine the operating frequency should consider the time required for the domain wall nucleation

and its propagation.
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external field. Fig. 3.1.a shows schematically the hysteresis curve after FIB irradiation
of magnets M1 and M2, where the switching field is reduced to H.. The ANC is
located on the left side of the magnets. Therefore, according to Eq. 6, M2 and M3 are
mostly influenced by their left neighbors, M1 and M2 respectively. On the contrary,
the magnet on the right is too far to influence the ANC of its left neighbor. The
three magnets are considered initially randomly magnetized to M1=0, M2=0, M3=1.
When a positive external field is applied (Hciock), M2 switches anti-parallel to M1
due to the anti-ferromagnetic coupling. In this case, the switching is supported by the
coupling field (C) from M1 to M2. Therefore, the hysteresis curve is shifted to the
right (Fig. 3.1.b). Similarly, when a negative external field is applied, the hysteresis
of M3 is shifted to the left and its magnetization is reversed to -1 (Fig. 3.1.c). On
the contrary, the domain wall nucleation on M2 is prevented by the coupling field
being opposite to the external field. Therefore, the external field reduces the energy
barrier for domain wall nucleation that is supported/prevented according to the sign
of effective coupling from surrounding magnets. The effective field on the ANC can
be estimated as:

Hoff = Hetoek + ) CiM; )

Where C; is the coupling contribution from input i and M; its magnetization. The
external field amplitude can range within a clocking window, see Fig. 3.1.d. This
window contains a range of clock values around H, for correct pPNML operation. It
is lower than 2C and it is reduced by the switching field distribution (SDF), which
depends on the fabrication process.

In term of timing, the minimum pulse width tys should take into account the
domain wall nucleation time ty,c and its propagation time t,p. Both these quantities
determine the maximum operating frequency of a pNML circuit. If tjock is too short,
the domain wall in some magnets may get stuck without a full magnetization reversal.
The magnet will switch back to its previous value when then opposite clock pulse is
applied leading to errors in the signal propagation.

3.2 Basic gates

In pNML, directed signal flow is achieved by controlling the domain wall nucleation
on a specific region of the magnet. Highly accelerated Ga®* ions are used to lower
the PMA and define the signal propagation direction. By playing with the effective
field acting on the ANC, according to Eq. 6, it is possible to implement simple logic
functions. The basic gates are available in pNML: the inverted (Fig. 3.2.1.a) and the
majority voter (Fig. 3.2.1.b).
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3.2.1 Inverter

The inverter provides the NOT Boolean function and can be simply obtained by
cascading two anti-ferromagnetically coupled nanomagnets. The ANC is defined
on the side of the magnet that should be sensitive to the input stray field. (left in
this case). The authors in [12] investigated the inverter gate using square-shaped

M1|M2 MB‘Out

I NAND
NOR

4 4 a4 a2 00 o o
4 2 00 =« s 0o o
O R

— 500 nm — =500 nm —

Fig. 5 a, Simplest implementation of the inverter using two anti-ferromagnetically coupled mag-
nets. b, Schematic implementation of the majority gate implemented surrouding the ANC with
three inputs. It can implement the NAND/NOR function by setting one of its input logic 0 or 1. c,
SEM image of a fabricated inverter. d, SEM image of a fabricated majority gate.

magnets. They measured the coercivity and the SFD for every logic value. The SDF
for positive and negative magnetization were shifted by 2C = 10 mT. However,
the two SDF were overlapped, meaning that no clocking window can be defined
for reliable switching. In [36], an improved version of the inverted was presented.
Here, the inverter with a fork-like structure was introduced. In the experiment, the
SDFs were shifted by 2C ~ 26 mT, with a clear separation between and positive
and negative SDF. Therefore, the geometry of the magnets has a great impact on the
achievable coupling. The inverter depicted in Fig. 3.2.1.a is designed with a fork-like
structure to maximize the coupling strength on the ANC. This is the common shape
used in pNML to design inverters. To further increase the stay field on the ANC the
gap between the input and the output should be minimized.

3.2.2 Majority gate

The majority voter is the most important gate in pNML, that combined with the
inverter provides a functionally complete set of logic gates. This gate is composed of
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three inputs and one output, as depicted in Fig. 3.2.1.b. The majority voter requires
that the contributions from every input acting on the ANC are balanced, meaning
that C; = C, = C3. The implemented function can be written as:

Out = MAJ(Ml,Mz,M3) ®)

The output is equal to the majority of the three inputs inverted. Observing the truth
table in Fig. 3.2.1.b the gate can behave as NAND/NOR function by programming
one of the input respectively to logic 0 or 1. This is a double advantage in digital
circuit design. The NAND is a universal gate in digital electronics. Moreover, the
designer could choose among majority-based [7][3][4][2] or NAND/NOR-based
logic synthesis tools to optimize the logic network [34]. To operate as NAND/NOR
one of the input can be a fixed magnet, saturated in the proper direction or it can
be a programmable input. If for example M; is the programmable input, the output
function can be rewritten as reported in Eq. 9,10.

Out|py=0 = NAND(M>, M3) )]
Out|py=1 = NOR(M;, M3) (10)
Out|p,2m, = NOT(M3) (11)

Also the inversion (NOT) can be obtained by setting two programmable inputs to
opposite values. Their stray fields cancel each other and the output is the input
inverted value (Eq. 11). Fig. 3.2.1.d shows an SEM image of a fabricated 3-input
majority gate. The symmetric geometry of the inputs is required to reach equal
contributions from every input on the ANC. The small tip contains the region
with reduced PMA and defines where the domain wall nucleates. Contrarily to the
inverted, the majority shows four SDF, two for each logic values. Indeed, according
to the effective coupling on the ANC two SDF can be identified per magnetization
0/1):

* C.pr = +3C/-3C, for inputs 000/111
* C.rf = C/-C, for inputs 001,010,100/011,101,110

The reason for two different SDF per logic value can be understood by observing
the graph in Fig. 6. The effective coupling depends on the input patterns. When
all the input magnetizations point in the same direction, they all support/prevent
the switching of the output with C.ry = +3C/-3C. On the contrary, for all other
input patterns, two inputs have opposite value and cancel each other. Therefore,
the switching is supported/prevented by only a single input (C,.rs = C/—C). From
experimental measurements, the calculated coupling is approximately 5mT [11].
The lower coupling per input results in a reduced clocking window. Authors in [11]
studied the effect of the ANC during the fabrication process. If the variation in X,y
is higher than 10 nm, the output error rate significantly increases. However, 10 nm
alignment is feasible in modern manufacturing processes provided by semiconductor
industries.

In general, the majority gate requires an odd number of inputs to avoid undetermined
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Fig. 6 The graph shows the different effective coupling on the ANC when a positive and a
negative pulse is applied. The green circles represent contributions that prevent the switching
of the magnet, while the others support the magnetization reversal.

output. Therefore, the number of inputs can in principle be increased to 5, 7 as long
as the coupling field from every input is strong enough. A planar implementation of
the five inputs majority has been experimentally demonstrated in [8]. In principle,
the input weights can be also tuned by engineering the magnet geometry, distance
from and ANC leading to a different coupling field from each input. This possibility
can be interesting for threshold logic computation [40].

3.2.3 Signal routing

The correct operation of every logic device requires the transfer of the digital infor-
mation from one point to another of the circuit. Logic gates (inverter and majority)
need to be interconnected to each other for complex logic operations. In pNML, the
shape-independent anisotropy makes it possible to define the structure of any shape
and in particular magnetic nanowires. Indeed, elongated nanomagnets are used to
route the signals in pNML circuits. Magnetic wires are supposed to nucleate and
propagate the domain wall in a single clock pulse. Its length mainly influences the
propagation time (Fig. 3.1.d) and as a consequence the maximum operating fre-
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quency. Therefore, their length should as small as possible, and the design should
consider breaking the longer paths in multiple elongated, shorted wires.

3.3 Monolithic 3D integration

The pNML technology claims many advantages, among which being low power, it
can combine logic and memory into the same device and it can operate at room
temperature. Another important advantage that is not obvious among emerging tech-

2D implementation 3D implementation Signal flow

Not Possible

Fig. 7 a, 2D horizontal signal propagation can be achieved by a chain of anti-parallel coupled
magnets. The 3D implementation exploits ferromagnetic coupling to transfer the binary information
from one layer to another. b, 2D implementation of the majority gate and corresponding 3D
implementation. The input moved to the layer above/below can be a reconfigurable input. ¢, The 2D
implementation of a cross-wire in pNML is not yet available. The 3D integration of pNML ofters
easy signal crossings by moving the signal to another functional layer.

nologies, is the compatibility with standard silicon back-end processes. This makes
pNML very appealing to integrate and enrich the CMOS capabilities. A further ad-
vantage is provided by the monolithic 3D integrability offered by the technology. It
results in higher circuit compaction and as a consequence high energy efficiency and
shorted magnetic wires required for signal routing. The comparison between the 2D
and the 3D implementation of the basic pNML build blocks is illustrated in Fig. 7.
The horizontal signal propagation in 2D is obtained by a chain of nanomagnets or by
using elongated wires. According to the FIB irradiated side of the magnet different
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propagation direction can be defined, see Fig. 7.a. The same picture shows how the
vertical propagation is achieved by exploiting the ferromagnetic/anti-ferromagnetic
coupling. If the FIB irradiated edge overlaps the magnet laying below, the magnets
align parallel and the information moves down-up. Similarly, when the magnet above
overlaps the ANC of a magnet placed below, the signal propagates ferromagnetically
from the up layer to the down layer. In case no overlap is present, the magnets align
anti-parallel and the information is inverted when transferred from one functional
layer to another. This approach makes it possible to cross two signals by detouring
one of them on another functional layer [25].

The 3D implementation of the majority gate (Fig. 7.b) makes it possible to move
the programmable input into another functional layer. Its correct logic operation has
been experimentally demonstrated in [23].

From a system-level perspective, this solution enables the definition of pro-
grammable/reconfigurable layers in the architectures, separated by memory and
logic layers.

Finally, magnetic signal crossings, not available in 2D, are enabled thanks to the pos-
sibility to 3D-stack magnetic functional layers. Here, the magnetic via is exploited
to detour the signal [22].

From the technology point of view, the fabrication process can be summarized in
five steps:

1. Deposition of the first magnetic stack on a thermally oxidized Si wafer and
structuring of the magnets

2. FIB irradiation of the first functional layer, defining the signal propagation direc-
tion

3. Planarization of the bottom layer with hydrogen silsesquioxane (HSQ), a spin-on
dielectric

4. Deposition of the second magnetic, the same as in 1

5. Definition of the ANC by FIB irradiation of the patterned structure, the same as
in2

The distance between two subsequent layers has been lower than 100 nm to maintain

reliable coupling and switching. Moreover, the FIB acceleration voltage, combined

with the HSQ thickness are the parameters that have the greatest impact on the Ga*

ions penetration depth during the definition of the ANC [24].

3.4 Experimental study of pNML circuits

The basic pPNML gates described in section 3.2 enable the design of complex ar-
chitectures. Classical mapping on NAND/NOR gates can be used by programming
one of the majority inputs. However, to fully exploit the majority logic function,
the majority gate synthesis is preferable. It has many advantages, among which the
increased circuit compaction, reducing its area, and lower dissipated power. In the



Nanomagnetic Logic: from devices to systems 15

following, the most important experimentally demonstrated circuits are recalled. The
first complex logic circuit experimentally demonstrated was the full adder [9]. This
circuit is a milestone in beyond-CMOS technology benchmarking [38]. The second
fundamental device in digital electronics was a 2-to-1 multiplexer [51] and the last
a proposed memory element [44]. To the best of our knowledge, these devices are
the most complex pNML circuits for which the correct logic operation has been
experimentally demonstrated. In the following, the main results about the adder and
multiplexer are reported.

3.4.1 Full adder

The full adder is the core logic element in arithmetic logic units. Therefore, its
experimental demonstration represents a milestone for the pPNML technology. The
first in chronological order exploits the advantages of majority function available in
pNML. Its equation based on NOT/AND/OR for the sum (S) and the carry (Coyt) is
reported in Eq.12-13.

S = ABC;,, + ABC;,, + ABC;,, + ABC;,, (12)
Cour = BCiy, + AC;, + AB (13)

Different majority-based implementations of the full adder have been proposed in the
literature. The first version was proposed for QCA [49] and it was further developed
in [56]. However, in pNML the output of the majority gate is inverted due to the anti-
ferromagnetic coupling among coplanar inputs. Therefore, pPNML majority-based
equation of the full adder requires additional inverters and is reported for the sake of
clarity in Eq.14-15.

S =MAJ(MAJ(A,B,Ci,), Cin, MAJ(A,B,Ci) (14)
Cout = MAJ(A’B,Cin) (15)

Fig. 8.a shows the gate-level representation of the adder presented in [9]. It requires
only three majority and four inverter gates [9]. The SEM image of the corresponding
full adder is depicted in Fig. 8.c. Here, the gap between the inputs and the ANC
was ranging from 25 nm to 50 nm. Its footprint is about 17 um?. Fig. 8.e shows the
timing diagram of the corresponding full adder. It is supposed that the circuit is
firstly saturated to 0. As a consequence, all outputs and intermediate signals are
initially equal to logic 0. The input pattern A=1, B=0, Cj,=1 is set before applying
the clock signal. It is possible to observe that the input signals cannot be varied
earlier than two clock cycles. In general, the outputs are valid after 1.5 clock cycles,
but for simplicity, new inputs are applied every two clock cycles and the outputs are
considered valid with the same period. The input-output latency is strictly related
to the circuit critical path, which is represented by the number of ANCs the signal
needs to cross and the length of the interconnections. A more detailed discussion
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Fig. 8 a, Gate-level representation of the pPNML majority-based full adder. b, Gate-level represen-
tation of the pNML threshold gate-based full adder. ¢, SEM image of the fabricated majority-based
full adder [9]. d, SEM image of the fabricated threshold gate-based full adder [15].

on the critical path estimation can be found in section 4. For more details on the
fabricated and measured device please refer to [9].

Better results in term of circuit compaction has been obtained by applying thresh-
old logic gates (TLGs) as logic block in the full adder [15]. Threshold logic en-
ables the design of more complex functions reducing the overall circuit complexity
[32][19]. The adder gate-level representation is reported in Fig. 8.b. Here, the TLG1
has equal weights and provides the 3-input majority function, the TLG2 has one
double-weighted input (C,y) and provides the 5-input majority function. Fig. 8.d
shows the SEM image of the fabricated device presented in [15]. In this layout, only
two TLGs are required, resulting in a footprint reduced by a factor of 8.7 with respect
to the circuit in Fig.8.c. The bounding box of this full adder is only 1.95 um? without
considering the additional two inverters at the output required to complement the



Nanomagnetic Logic: from devices to systems 17

sum and the carry [15]. The estimated coupling from the SEM image and numerical
simulation reported in [15] was ~ 2.5 mT for the 5-input majority and ~ 3.5 mT for
the 3-input majority. The simulations using compact models showed that a minimum
coupling per input of 5mT is required for reliable logic operation. This result can
be achieved by reaching a gap between and inputs and the ANC lower then 48 nm
for the S-input majority and 80 nm for the 3-input majority gate [15]. Moreover,
it is important to recall the importance of the ANC alignment between inputs to
correctly balance their contributions. Indeed, Fig. 8.f reports the timing diagram of
the TLGs-based full adder as a comparison with the 3-input majority version. The
MFM measurements of the fabricated device with the details about the fabrication
process can be found in [15].

3.4.2 1-bit multiplexer

In [51] the generic equation of the multiplexer (Eq. 16) was synthesized by using
only NAND gates and results in Eq 17.

— Fixed magnets

Fig. 9 a, SEM image of the fabricated 2-to-1 multiplexer presented in [51]. b, Timing diagram
reporting the magnetization of all internal signals. ¢, Wide-field MOKE image of the measured
multiplexer [51]. d, Gate-level representation of the multiplexer.

Z=(A-S)+(B-S) (16)
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Therefore, the circuit was designed by fixing one of the input of the majority gate to
logic 0.

Z=(A-S)-(B-S) 17

The resulting SEM image of the fabricated circuit is reported in Fig. 9.a. The correct
logic behavior of the multiplexer was verified by Wide-field MOKE microscopy
[51]. The structure was first saturated to O applying a negative pulse. Afterward,
subsequent positive and negative pulses were applied with amplitude 20 mT. Fig. 9.c
reports the correct ordering when the inputs are (A=1, S=1, B=0). The timing
diagram reported in Fig.9.b shows the signal propagation across the circuit for the
input patterns (A=1, S=1, B=0) and (A=1, S=0, B=0). More details on the magnetic
stack and the fabrication process can be found in [51].

3.4.3 Memory element

Magnetic devices naturally retain their digital information even without power supply.
This is the case also for pPNML that maintains the binary values when no external
field is applied. However, in realistic circuits where the external clocking field is
repeatedly applied to the circuit, storage and read-out operation are a crucial issue.
In [44], a pNML memory element where the read/write operation can be controlled
by two independent signals has been presented. The idea is to confine the domain wall
between two notches and control the read/write operation by means of current pulses
(Fig. 10.a). The magnetic notch introduces an energy barrier for the incoming domain
wall. Therefore, in the normal operation of the pPNML circuit, the propagating signal
is pinned at the notch. The value can be stored by applying a current pulse on the
write signal, which lowers the energy barrier of the notch, releasing the propagation
of the domain wall. The energy barrier can be adjusted via the notch size [31] [44].
The current wire, buried in the substrate generates an in-plane field that tilts the angle
of the domain wall. Fig. 10.b reports the SEM image of the experiment presented
in [44]. The dummy circuit is used to generate the input. Indeed, the left image in
Fig. 10.c shows the input at logic 0 pinned at the first notch. The storage was achieved
applying a 30 ns wide pulse (Fig. 10.c central). Similarly, the read-out is performed
by applying a current pulse on the second wire, which is independent of the write
signal. This approach could be used not only to build high-density memory arrays,
but also to retain and safely store signals at the input of the logic network before
starting the computation.

4 System-level design

In this section, the main aspects related to the design of pNML architectures are
discussed. The system-level design should take into account signal propagation,
layout floorplanning, synchronization, and buffering of the information to properly
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Fig. 10 a, Schematic representation of the memory element proposed in [44] where the read/write
operation can be controlled by current pulses. b, SEM image of the fabricated device composed of a
dummy circuit for generating the input and two notches. ¢, WMOKE measurements of the fabricated
sample where it is possible to observe the pinned domain wall, the write and read operation when
the current pulse is applied.

perform the required computation. In recent years, the research on pNML has been
extended to complex architecture such as accumulators [45], Programmable Logic
Arrays (PLAs), Finite State Machines (FSMs), memories and different adder imple-
mentations [30] [26] [16] [28], thanks to the support of specific EDA tools [41] [43].
Before going into the detail of the methodology proposed to study and investigate
such systems, some considerations on the signal propagation and the processing of
the magnetic information are given to the reader.
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4.1 Signal synchronization

In a general CMOS processing system, logic units and memories are properly or-
ganized over the chip area and interconnections enable intra-logic or logic-memory
communications. A similar organization can be implemented in pNML, where in-
stead of metallic wires, magnetic nanowires are used to interconnect logic and
memory blocks. The intrinsic pipelining of the digital signals require proper buffer-
ing of the information to control the motion of the domain walls.

In the previous section, some of the pPNML milestone circuits have been recalled.
However, in order to analyze and optimize the circuit performance, it is fundamental
to study its timing.

4.1.1 Signal delays

Fig. 11 shows the propagation of the logic 0 and logic 1 in a chain of magnets.
The initial configuration represents the worst-case scenario, where the input coming
from the result of computation needs to propagate through an inverter chain, or in
general a chain on ANCs. Therefore, the signal should travel across five magnets
FIB irradiated on their left side. It is possible to observe that the logic 0 reaches
the output earlier than logic 1. The 0—1 transition is favored, considering the clock
signal starting with a positive pulse (Fig. 11.a). On the contrary, the 1—0 transition
requires an entire clock cycle to start the propagation of the logic 0. In general,
according to the length of the critical path, intended as the maximum number of
ANC:s to be crossed, it is possible to define the input-output delay in term of clock
cycles for 2D layout as:

NANC ath +1
Ncycles = +h (18)

Where, Nanc,,.,,, is longest ordering path. In the example in Fig. 11, Nanc,,,,, =5
and a consequence the output is valid and can be sampled after three clock cycles. In
the case of 3D layouts, where the ferromagnetic coupling is exploited, i.e. when the
digital signal is transferred from one physical layer to another, an entire clock cycle
per ANC needs to be considered. As a consequence, for correct estimation of the
delays, the designer should consider the longest path from the input to the output,

counting the ferromagnetically and anti-ferromagnetically crossed ANCs.

4.1.2 Glitches

As happens with CMOS, glitches may propagate errors inside the circuits and need
to be suppressed. The main difference with CMOS is that in pNML all paths are
sequential. The evolution of the circuit is entirely clock-driven. Therefore, glitches
are latched as any other signal is. They do not automatically vanish after a while, as
happens with CMOS in combinational paths, but they last at least for half a clock
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Fig. 11 a, Propagation of the logic 1 in an inverter chain. b, propagation of the logic 0 in an inverter
chain.

cycle.

Here, a simple circuit with more than one input is considered as a case study. The
circuit implements the AND function and its layout is shown in Fig. 12.a. The delays,
in this case, depend on both inputs. As an example, the situation with inputs A=1,
B=0 is considered. Now, suppose to have a transition on both inputs (A—0, B—1).
What happens to the output? Fig. 12.b and Fig. 12.c show two timing diagrams
where the inputs are changed respectively on the negative and positive pulse. When
inputs are changed on a negative pulse (Fig. 12.b), no glitches occur at the output
even if there is a time window in which both intermediate signals A and B are 1.
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Fig.12 a, AND function implemented in planar pNML. b, Timing diagram of the AND gate where
no glitches occur. ¢, Timing diagram of the AND gate where one glitch occurs at the output.

The signal A goes to 1 on the first positive pulse. Afterward, the subsequent negative
pulse switches B preventing any 1 from propagating at the output.

On the contrary, if the inputs are changed on a positive pulse (Fig. 12.c), B goes
to 0 in the immediate negative half cycle letting a glitch propagating at the output.
Indeed, in the presence of the positive field, the output goes to 1 for half clock cycle.
This is explained by the different propagation delays of logic 0 and 1.

Glitches can also be generated by reconvergent paths not correctly balanced. Fig. 13.a
shows an example where multiple inputs are applied to two logic networks. Each
logic network performs some kind of computation and if some conditions are met
generates a logic 1 at its output. Then, if both logic networks produce a logic 1
some action needs to be taken. The two logic networks implement different logic
functions and require a certain number of clock cycles to perform the computation,
identified by #;,,1, 1,2 in Fig. 13. What could happen is reported in Fig. 13.b. The
different delays introduced by each logic network result in a wrong behavior of the
circuit. Indeed, the logic ones on LN1 and LN2 do not overlap and the output of the
AND gate remains at the logic 0. The simplest solution to adopt in these cases is the
introduction of delays in the fastest network by means of inverter chains.

Another possibility is to buffer the information on the magnetic nanowires and release
them in the right time instant. This approach requires a small control unit to generate
current pulses in the proper time windows [42] [45]. Therefore, the designer needs
to analyze and carefully characterize the timing of each logic network in order to:

* Sample/read a glitch-free output
* Synchronize the logic networks by properly inserting delays
* Buffer the information by introducing magnetic notches [44] [45]
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Fig. 13 a, Circuit example where two logic networks having potentially different delays are fed
with the same inputs. b, Sample timing diagram when paths are not balanced. The different delays
result in a wrong behavior of the circuit.

Glitches may propagate errors in pNML circuit if sampled by the subsequent logic
networks. Therefore, it is up to the designer to carefully define the sampling interval
according to the delays involved in the circuit.

4.2 pNML as Co-processor

The experiments reported in the literature, developed at the academic level, demon-
strate the correct behavior of the fabricated pNML circuit. Simple logic gates to
monolithically 3D integrated devices have been shown. Moreover, simple arith-
metic, memory and data selector devices have been proven. However, it is not target
oriented to imagine a complete replacement of the CMOS technology in the next
years, but rather an integration of the promising emerging devices in the CMOS
ecosystem. The idea is to integrate a low-power pNML co-processor in the back
end of line (BEOL) of current CMOS processes. The pPNML processing system can
cooperate and be interfaced with the CMOS circuits with MTJs. From a practical
point of view, the envisioned on-chip clocking system for pNML has been firstly
proposed in [6].
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Fig. 14 a, Main portions of integrated circuits including the front end of line (FEOL), the back
end of line (BEOL) and the packaging. b, Closeup view of the on-chip inductor integrated in the
BEOL that can clock the pPNML co-processor, controlled by the CMOS circuitry. ¢, Top view of
the inductor.

The integration in the BEOL is easier thanks to the lower resolution required. The
pNML fabrication is simple compared to CMOS and can potentially be integrated
into the BEOL. Fig. 14.a shows a schematic representation of CMOS chip where the
front end of line (FEOL) and the BEOL are highlighted. Fig. 14.b shows a closeup
view of the BEOL portion of the chip, where pNML could be integrated. What has
been proposed in [6] is an on-chip clocking that sandwiches the magnetic stack and
provides a homogeneous field. Indeed, the requirements for a pNML clocking system
are:

* high field amplitude
* homogeneous field distribution

In [6], the authors assume Co/Ni magnets with switching field < 25 mT and a required
clock amplitude of 20 mT. The study focuses on the main source of losses of an on-
chip inductor designed to have homogeneous field. The pNML circuit, 3D stacked
or 2D, is sandwiched between two ferromagnetic cladding layers (Fig. 14.b). The
investigated cladding materials were NiFe, Supermalloy (Spy) and CoZrTa [27].
Their findings show that a power density of 3 W cm™2 can be achieved at 50 MHz
with 35x power saving compared to CMOS with a comparable throughput [6]. The
proposed clocking system offers rectangular region with homogeneous field, clocked
in the MHz regime.
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4.3 EDA tools and compact model

Many studies have been performed in literature on pNML devices both at the exper-
imental and at the micromagnetic level. However, to understand the potential and
drawbacks of the technology, it is fundamental to exploit the validated technological
principle at a higher level of abstraction. Compact models [51] [57] describing in
a sufficiently accurate way the behavior of the experimentally-validated building
blocks are useful to circuit designers. Indeed, compact models are bridging the two

MagCAD
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Fig. 15 Design flow provided by MagCAD for the pNML technology

worlds of the technology engineers and the system-level designers. They provide
high computational speed enabling system-level explorations.

As happened in the mid-1970s with CMOS, EDA tools are a fundamental help to the
designers for improving the technology at the architectural level and give feedback
to the technologist regarding what needs to be improved. These tools facilitate the
design and logic simulation of logic circuits.

At the time of writing, the software environment ToPoliNano [43] offers a complete
design flow for the system-level exploration of field coupled technologies, including
pNML. In particular, its layout editor MagCAD [41] provides the possibility to de-
sign, simulate and re-use pPNML modules in larger architectures. It integrates all the
low-level build blocks experimentally demonstrated in the literature. It is able to au-
tomatically detect simple logic functions and errors in the design [29], generating the
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circuit netlist that integrates the compact model of every building block. Moreover, it
helps the designer dealing with signal synchronization and delays. MagCAD reports
circuit metrics like the critical path, the minimum pulse width to achieve reliable
switching and the bounding box area. The compact model available in MagCAD is
based on the works presented in [57] [51] [50].

To model a pNML circuits three main contributions have to be considered:

1. The artificial nucleation center (ANC).
2. The magnetic nanowire.
3. The coupling field on the ANC.

The ANC behavior is modeled as a Stoner-Wohlfarth particle [48]. This assumption
is valid for small particle that shows coherent reversal. The switching probability
of a given particle is derived by the Arrhenius equation [57]. The characteristics of
the ANC are used to describe the switching behavior of the particle. The magnetic
nanowire introduces a propagation delay between the nucleated domain wall and
the complete reversal of the nanomagnet. The coupling field, summed up with the
external field provides the effective field acting on the ANC supporting or preventing
the switching.

Therefore, both the nucleation and propagation of the domain wall describe the
signal propagation in pPNML. The propagation can take place in-plane, in the case of
2D layouts, or vertically in the case of 3D layouts. As a consequence, it is possible to
define the minimum pulse with (#,,5.) as the time required to nucleate the domain
wall (¢, and the time required to propagate it over the entire structure (zp,0p).

tpulse 2 thue + tprop (]9)
The nucleation time can be expressed in term of the desired probability as:
Thue = _T(Heff) “In(1 = Puye) (20)

Where, H, ¢y represents the switching time constant and P, the desired nucleation
probability. The switching time constant can be derived by the inverse of the well
known Arrhenius equation:

T(Hepp) = fo' v e (1)

Where fj is the reversal attempt frequency, kp the Boltzmann constant and 7 is the
temperature in Kelvin. The numerator at the exponent represents the total energy
barrier of the structure, with E( the energy barrier at zero field:

_ KancVanc

E
0 kT

(22)
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that depends on the volume of the ANC, its effective anisotropy and the temperature.
The field required reverse the magnetization direction of a magnet at zero temperature
in Eq. 21 is derived from Eq. 5 and can be expressed as:

_ 2Kanc

Hy
IUOMS

(23)

The Arrhenius equation gives also the probability of nucleating the domain wall
under an effective field H,zy.

tnMC )
Pnuc(tnuc»Heff) =l-e T(Heff) . (24)

After modeling the nucleation behaviour of a Stoner-Wohlfarth parcticle (the ANC),
the propagation of a domain wall shall be described. The propagation time under an
effective H, ¢y can be defined as:

lmag

(25)

prop vpw (Hepy
The velocity depends on the field intensity, it can be classified in three different
regimes: the creep, the depinning and the flow regime. More details can be found
in [51] [57]. The model includes material properties and geometrical information
of the pNML circuit in order to estimate propagation delays, nucleation times under
specific user-defined conditions. Some high-level studies reported the exploration
of architectural solutions for pNML memories [30], the use of 3D pNML as a
co-processor for the execution of the summed-area table algorithm [42] and the
development of reversible gates [46]. The design flow offered by the MagCAD tool
is schematically represented in Fig. 15. The element pool represents all the low-
level blocks available in pNML. The designer is facilitated by an intuitive graphical
user interface, which offers support for 3D circuit designs. When the design is
completed, the netlist integrating the compact model can be automatically extracted
thanks to a technology-independent algorithm [29]. Connections and functions are
automatically detected and the final netlist is made available to the user for simulation.
The user can verify the circuit timing in order to properly synchronize logic networks
and properly sample output signals avoiding glitches.

5 Design example

In this section, the design of a 4-bit carry select adder is described to show the
design flow provided by the MagCAD tool, presented in section 4.3. This circuit
has been chosen to highlight the hierarchical approach offered by the framework.
Indeed, the presented layout exploits as much as possible the reuse of sub-modules.
The architecture of the implemented adder is reported in Fig. 16.b for the sake of
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clarity. The carry select adder is usually used to split the critical path of the standard
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Fig. 16 Hierarchical design of a 4-bit carry select adder designed with MagCAD. a, Top level of
the architecture that includes three 2-bit ripple carry adders and one 3-bit multiplexer 2tol at 1 bit.
b, Schematic representation of the presented adder. ¢, Inner view of the 3-bit multiplexer 2to1 block
that includes three multiplexers single bit. d, Inner view of the 2-bit ripple carry adder including
two full adders.

ripple carry adder. Therefore, the 4-bit adder is divided in blocks. Every block is
made of two full adders. To speed up the computation the addition is computed
both for input carry equal to "0" and "1". The multiplexer at the output is used to
select to correct result based on the output coming from the previous stage. The
entire architecture is made of three 2-bit ripple carry adders and three 1-bit 2tol
multiplexer. The internal layout of the ripple carry is reported in Fig. 16.c. Here, two
full adders are instantiated as sub-modules. The full adder implementation adopted
is the one presented in section 3.4.1, in particular Fig. 8.b. Similarly, the multiplexer
block depicted in Fig. 16.a includes three 2tol multiplexers. The layout is reported
in Fig. 16.d. Its internal structure is a NAND based implementation, equal to the
fabricated device presented in section 3.4.2. Fig. 16 shows that the entire design has
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Fig. 17 Extract of the simulation where input A=1000, B=0100 and Cj,=1 are applied. The
simulation shows the input-output latency of the circuit.

Table 1 Simulation parameters according to [51]

Parameters Value
Clock field amplitude 560 Oe
Intrinsic pinning field 190 Oe
Coupling field strength for the inverter 153 Oe
Coupling field strength for the majority voter 48 Oe
Coupling field strength for the magnetic via 75 Oe
Effective anisotropy 2.0-10° J/m?
Saturation magnetization of Co 1.4 -10° A/m
Thickness of the Co 3.2-107m
Thickness of the stack 6.2-10°m
ANC volume 1.68 - 1072 m?
Notch apex angle 51.5°
Notch width 54-10° m
Nanowire width 220nm
Temperature 293K

been developed exploiting a multilayer design approach. The two colors represent
two physical layers that have been used not only to arrange the gates but also to route
the interconnections. The width of the magnetic nanowires is 220 nm, resulting in a
bounding box area of 186.12 um?. The netlist, automatically extracted by the tool,
has been used for simulating its behavior. The parameters used for the simulation
are reported in Table 1. An extract of the VHDL simulation is reported in Fig. 17.
It takes into account the propagation delays within the magnetic nanowires and the
nucleation time. It is also possible to observe the pipelined behavior of the technology
and evaluate its latency. The input signals require 11 clock cycles, in the worst case,
to reach the output of the circuit. It can be easily understood that this kind of analysis
is unfeasible using micromagnetic simulators. The modular approach provided by
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the tool makes it possible to validate every sub-module in the hierarchy and reduce
the possibility of making errors in the design. This is just an example of how this
methodology can be exploited to investigate the pNML technology. Other works
in the literature have explored even larger architectures and made a comparing the
start of the art CMOS. In [42], the authors have a presented the implementation
of a summed area table algorithm using pNML. The circuit compactness is very
promising thanks to the 3D integrability offered by the technology. On the contrary,
the throughput is lower in the pNML case as expected. However, the presented layout
had the goal to show the potential of the multilayer structure without putting too
much effort in performance optimization.

6 Conclusion and Outlook

A lot of magnetic device research is going on to identify promising candidates for
the development of the next-generation low-power devices [47] [38] [39].

The last sections introduced and exemplified the concept of pNML technology
starting from device level of engineered Co/Pt islands up to system level investi-
gations with ToPoliNano/MagCAD. With 3D integrated pNML devices it has been
shown, that in principle pNML devices in the present state are competitive with
conventional CMOS and could gain in monolithic 3D integrated, low-power, highly
pipelined and systolic architectures. Furthermore, no severe showstopper in this stage
of technology readiness level (TRL3-TRL4) can be seen.

6.1 Material improvements

However, there is of course room for improvement, and we claim that the next
generation of pNML (let’s call it pNML 2.0, if this book chapter was pNML 1.0)
would give rise to further improvement and readiness for ultimate-scale-integration
in a CMOS compatible technology. On materials level, we think that ultrathin bi-
layers like Ta/CoFeB/MgO already applied in tunnelling barriers of magnetic tunnel
junctions (MTJs) would be the ideal fit, as it could be directly integrated in electri-
cal writing/reading actuators/sensors for pPNML 2.0 technology. CoFeB offers low
switching fields, decent field-driven domain-wall speed and spin-transfer-torque and,
in combination with Ta, the so-called spin-orbit-torque effects for efficient electrical
transductions concepts. Compared to Co/Pt multilayers, CoFeB has less PMA and is
more sensitive to fabrication variations, but such, can also be much more engineered
and tailored. Few nanometer thick filmstacks could be sufficient for a functional
NML layer, when vertically stacked in an ultimately scaled layout.
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6.2 ANC engineering

Besides new materials, the consequent development of improved device design is
needed. 3D arrangements of islands are mandatory and the generation of self-aligned
artificial nucleation centers is needed to render the serial technique of focused ion
beam radiation superfluous. Photoresist masks combined with ion implantation tech-
nology for mass fabrication should be introduced and applied on wafer scale. Ga-ions
are an ion species that has been heavily used for direct magnetic patterning. However,
the ion dose for fine-tuned anisotropy control in multilayer films, is somewhat ex-
tremely small. In current pPNML technology, about 50 ions at 50 keV are sufficient to
create artificial nucleation centers. In contrast, He ions are known to be less invasive.
Most likely 3 orders of magnitude higher areal dose has to be applied for similar
impact. We speculate that the use of He ions would lead to much better control of
the nucleation centers in pNML devices. The drawback is, that depth control is more
difficult to achieve with He ions. But certainly, light ion irradiation with He ions
combined with highest resolution lithography would be a prospective path to follow.
However, it might turn out, that FIB radiation for prototyping pNML devices is not
working for novel films like CoFeB/MgO. Completely avoiding ion-implantation but
controlling PMA via interfacial strain, lateral control of the stack composition or
even electrical control of PMA seems to be in reach.

6.3 Switching field Distributions

As one is dealing with a large number of devices in integrated logic circuits, switching
field distributions can not be overcome by system level compensation as e.g. done
in memory technology. Every device should be fully functional and performant
over the range of several sigma deviation. To our knowledge, this is maybe the
hardest problem to tackle in nanomagnetic logic device research. Even though,
sub-microsecond switching-distributions have been investigated, it turns out, that an
artificial nucleation center is difficult to fully understand in terms of dynamic effects.
There is strong indication, that at very fast rising field-amplitudes, Arrhenius-type
models for the underlying distribution come to a limit. Future research has to address
second-order effects in ANC magnet reversal and should be able to time-resolve the
domain-wall formation and propagation of and ANC and its surrounding. From such
investigations, an optimized ANC both in position and geometry could be deduced.
As pointed out, for pPNML circuits, the underlying distributions of the devices is
essential.
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6.4 Clocking mechanism

Logic circuits in pNML technology need a global clock both for computation and
signal propagation. This is on the one hand advantageous, as electrical connections
are avoided and an oscillating magnetic field is acting as power supply and clock-
signal at once. On the other hand disadvantageous, as on-chip field-generation seems
to be rather difficult to achieve with low power. However, the proposed clocking
scheme with magnetically cladded planar wires could be used for clocking zones
of up to 0.5 square millimeter area and supply voltages smaller than 1 V, i.e. in
the range of current processor chip supplies. Experimental results from the research
community on high-frequency, high-Q on chip inductors shall be adopted to form
efficient on-chip clock generators with highly permeable cladding materials for
power-efficient clock-fields. Furthermore, by further stacking many active pNML
layer in one on-chip clocking inductor, the needed overhead of clock-generation
circuitry (typically controlled by the CMOS main processor chip) is minimized.
Nevertheless, it is an open question, how the sandwiched pNML circuits can be
interfaced with electrical wiring from the main processor chip or for electrical in-
/output.

6.5 System level explorations

As reported, a functionally complete device family was demonstrated for 3D NML,
including 3D signal routing via domain wall conduits. For system level investiga-
tions, compact modelling and especially the ToPoliNano simulation environment has
been proven extremely helpful. The architectural solutions proposed in the literature
showed the main aspects to be considerd during the design phase. Moreover, the 3D
designs available in the literature demonstrated high compactness compared with
state of the art CMOS, even with large pNML magnet width. The flexibility of the
environment makes it possible to update the compact model according to the future
development of technology. It would be also interesting to develop a standard cell set
of logic gates and enrich the framework with a automatic pNML layout engine. An
automatic layout engine would increase the circuit compactness, better exploiting the
functional layers and reduce the possibility of potential errors custom made layouts.

6.6 Magnetic devices for ULSI

However, everyone familiar with ultimate-large-scale-integration is sceptic of paradigm-
changes in digital computation, simply because the MOS technology has been im-
proved and optimized over many decades and has been the big successor. In other
words, disruptive approaches in digital technologies are probably unlikely to happen
— but does it mean simply: CMOS forever? It might be true for general purpose digi-
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tal computation, but, there is a strong trend towards hybrid systems and non-Boolean
concepts of computation might gain even more momentum. Magnetic devices are
more than attractive for such implementations, as they combine very interesting
characteristics like robustness against radiation, bi-stability, scaling potential, room-
temperature operation combined with rich high-frequency dynamics. Hence, it is
worth to study those and exploit them for real-world applications in future e.g. for
classical digital computing concepts but also and even more for non-conventional
concepts like spin-wave, neuromorphic or logic-in-memory computation.
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