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Chapter 1

Introduction

The cell never acts; it reacts.

— Ernst Haeckel, Generelle Morphologie (1866)

Cells are the building blocks of complex organisms capable of reason, learning,
and social behavior. These functions happen through complex interactions between
the cells. They send long-range messages to each other by secreting hormones into
the bloodstream, for example. Over short distances, they pass information along to
their neighbors through their adjacent membrane, for example by the interactions of
membrane ligands. A target cell responds to this by starting production of particular
proteins and/or passing a message along to its own nearest neighbors. Nerve cells
perform information transport even more quickly through the discharge of electrostatic
potentials. Moreover, they perform threshold operations, producing output only if
enough of its inputs are triggered. Sometimes it takes a stimulus to only a few cells
or even a single cell to activate systems in the entire body, such as the response to
seeing danger or touching a hot stove. An organism functions because its trillions of
cells together perform complex logic, memory, and communication operations.

In the digital world, electronics carry out these tasks. Billions of logic operations
per second are performed within the central processing units of all sorts of electronic
devices, by millions of functional cells. Gigabytes of information are read from and
written to working memories and portable storage, made up of billions or trillions
of cells storing bits. WiFi and cellular phone networks communicate gigabytes of
information from one device to another. And these numbers are growing—we demand
faster calculation, larger storage, and faster communication from every new generation
of electronic devices.

These demands are met by continually innovating to decrease the scale of electron-
ics, placing more and more electronic components onto the same area. In fact, since
the first computer hardware, the number of transistors per area has doubled roughly
every two years, an observation well known as Moore’s law.

Currently, as the scale of electronics approaches fundamental limits, new challenges
arise. Most importantly, the demand for smaller electronics must coexist with a demand
for high power efficiency. At small scales, heat dissipation of electronics and leakage
current of transistors limits further downscaling. Such losses are unacceptable in low-
power embedded or autonomous nanodevices such as sensors in clothing or nanorobots
repairing organs.
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Chapter 1. Introduction

Magnetism offers alternatives to logic, memory, and communication processes con-
ventionally done by transistors. Magnetic components generally do not dissipate heat
and are often non-volatile. This thesis details theoretical, simulation, and experimental
investigation into magnetic systems made up of cells that store information and com-
municate with their neighbors through magnetostatic interactions. The studied systems
form alternatives and complements to electronics in the realms of logic, memory, and
communication.

1.1 Memory

Magnetic memory in the form of hard disks has been around for more than 50 years.
Advances in magnetics and spintronics has allowed ever-increasing densities, most im-
portantly through the discovery of Giant and Tunnel Magnetoresistance (GMR [11, 16]
and TMR [60, 77]). The discovery of out-of-plane magnetic materials also contributed
immensely because the magnetic domains that encode a bit can be much smaller.

The GMR and TMR effects are examples of spintronics, the field that links together
the fields of magnetics and electronics by using the quantum-mechanical spin property
of electrons. The GMR and TMR effects occur in stacks of materials consisting of
a ferromagnetic layer, a non-metallic metal (GMR) or insulating oxide (TMR), and
another ferromagnetic layer. The top graphics in figure 1.1 show such a stack, which in
the case of an oxide barrier is called a magnetic tunnel junction (MTJ). In both effects,
spin-dependent scattering of electrons within a ferromagnetic (FM) layer promotes an
accumulation of electrons with spin aligned with the FM layer’s magnetization (spin-
polarization). In both effects, this implies that resistance across the stack is lowest
if the magnetizations of the FM layers are parallel (P). In GMR this is because one
spin channel faces low scattering in both layers. In TMR, spin-dependent density of
states on either side of the tunneling barrier as well as spin-dependent decay length of
wavefunctions in the barrier makes tunneling favorable in the P case. By TMR, the
resistance of the AP state can be 600% higher than that of the P state [54].

When read heads in magnetic hard disks began to incorporate GMR (and later
TMR) stacks, the speed and areal density of hard disks rapidly increased. Nevertheless,
the mechanical action of a hard disk—spinning the disk underneath the magnetic read
head—makes hard disks power inefficient, slow, and susceptible to wear, tear, and
crashes. Random access memory (RAM), which needs to be accessed quickly and
often, thus avoids mechanical parts and uses electronics instead. However, the demand
for higher performance and more storage on diminishing scales conflicts with increasing
power efficiency demands and heat dissipation requirements. Fortunately, magnetic
alternatives are available for RAM as well.

In Magnetic RAM (MRAM), MTJs encode bits. Contrary to electronic RAM,
MRAM cells are non-volatile and thus use much less power. MRAM cells are arrayed
in two dimensions with current lines in a crossing pattern above, “word” lines in one
direction and “bit” lines perpendicular to them (see figure 1.1). Currents through the
appropriate word and bit lines can read and write a single MRAM cell by their Oersted
fields. However, decreasing the cell size increases the required current, and many non-
accessed cells still feel half the current, which is inefficient and places allowances on
fabrication variations [4].

Alternatively, MTJ layers can be switched by spin transfer torque (STT), another
important agent in spintronics [99]. Taking again the MTJ as in the top of figure 1.1,

2



1.1. Memory

Figure 1.1: Magnetic Random Access Memory (image from [35])

in the case of AP magnetization for example, electrons that are spin-polarized by one
FM layer will flip their spin in the other layer. By conservation of angular momentum,
the FM layer’s magnetization undergoes a torque that, above a threshold current, can
switch the entire layer so that it becomes aligned parallel to the first FM layer. This
has been experimentally demonstrated [51]. Since current is applied only to the target
MTJ and the STT effect acts without the intermediate field as in conventional MRAM,
the required current can be much lower.

Another scheme for non-volatile, low-power magnetic memory is racetrack memory
[89] (figure 1.2a). Similarly to a hard disk, bits are encoded in magnetization direction
along a track, but in this case the track is an out-of-plane magnetized nanowire. Instead
of mechanically moving the desired bit to the read head, a current through the nanowire
moves the information by STT. The borders between regions of “up” bits and “down”
bits, called magnetic domain walls (DW), are of the order of 10 nm wide; within them,
the magnetization transitions gradually from up to down. Electrons in a current passing
through the up domain become spin-polarized and deposit their angular momentum
into the DW. One edge of the DW then becomes more up-magnetized, while the other
edge becomes less down-magnetized. Effectively the DW shifts along the wire. In a
nanowire lined with bits encoded as up or down magnetizations, a current moves all
DWs synchronously along the wire.

Reading and writing in racetrack memory can be done by transporting the entire
track underneath the stationary read or write head by this method. In addition to
non-volatility and power-efficiency, storage can be high-density since nothing prevents
the wires from extending into the third dimension (see figure 1.2a).

DW motion by current can also be exploited in an MRAM cell. In such a device,
DW-MRAM [42, 43], a small section of nanowire contains a DW that can be moved
back and forth underneath an MTJ by a small current, so that the resulting up or down
domain read by the MTJ encodes the state of the cell (see figure 1.2b). At the ends
of the cell, two fixed pinning layers prevent the DW from exiting the wire.

DW pinning is a good way to precisely control the location of DWs, for example
in DW-MRAM or racetrack memory. Many ways to pin DWs have been studied, such

3
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(a) (b)

Figure 1.2: (a) Racetrack memory (image from [89]) and (b) Domain wall
MRAM (image from [43], showing reference, barrier, free, and pinning layers).

as geometrical alterations [55], voltage control [40], and ion irradiation [50, 37, 39].
Another method involves the use of nanomagnet magnetostatic fields from nearby nano-
magnets (NMs) in various orientations [86, 107, 75, 21, 41, 80]. We have investigated
such a nanomagnet-based DW pinning method and found that a single nanomagnet
can pin a DW, where the pinning strength depends on the nanomagnet’s magnetization
state. This thesis details the analytical and experimental results in chapter 5, finding
that the DW internal structure and its dynamics are responsible for the phenomenon.

The NM-state dependent pinning strength means that propagating a DW past the
NM requires higher current in one state than in the other. Equivalently, a current
between the two states’ depinning currents will succeed in propagating the DW past
the NM in one state and will fail in the other. Various methods to register success
or failure of passage electronically include anisotropic magnetoresistance, Hall bar, or
an MTJ at the end of the nanowire. Thus a DW can read the magnetic state of a
NM. Also, DWs can be used to set the NM state: field lines emanating from a DW
pinned underneath a NM can provide magnetic bias when the NM state is neutralized
during a write operation. The arrangement of the domains (up-DW-down or down-
DW-up) determines what bit is written. Since NMs encode bits in applications such
as nanomagnetic logic (described in the next section), DW pinning effectively offers an
alternative magnetic memory scheme.

1.2 Logic

Several approaches to performing logic operations using magnetism exist. One is do-
main wall logic [8], where the magnetization direction within a nanowire encodes a
bit, and a DW travels along a nanowire circuit, acting as the signal edge and perform-
ing operations at junctions. The operation of NOT gates [7], AND gates, fanout, and
crossover has been experimentally demonstrated [8]. Alternatively, in some cases where
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1.2. Logic
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Figure 1.3: (a) Focused Ion Beam image of domain wall logic, showing a
number of logical operations. (image from [8]) (b) Schematic of an all-spin
logic device (image from [14]).

the internal structure of a DW contains a vortex magnetic texture, a bit can be encoded
by its rotation direction; simulations [87] demonstrate numerous logic operations using
vortex DWs, and a biplexer has been experimentally shown [91].

Another class of magnetic logic devices is spin logic. In one implementation, the
state of one nanomagnet can determine another by non-local injection [109] of spins
through a spin-coherent channel to an output nanomagnet [14]. The scheme supports
a full set of logic functions. The efficiency of the circuit can be greatly enhanced
by using a highly spin-conductive material such as graphene [100], but experimental
results have yet to be produced.

A promising and much-researched alternative to transistor-based logic is nanomag-
netic logic (NML). Its building blocks are single-domain bistable nanomagnets (NMs).
This means that they can relax into two possible states, encoding a bit. During an
operation, a target NM is brought into instability, or “reset”, by a “clocking” agent
such as a field, and when the agent is removed, the target NM’s neighbors determine
its new state (chapter 2 describes the process in detail).

NML offers several advantages compared to transistor-based logic:

non-volatility The NMs remain in their logical states even when no power is applied.

power efficiency The NMs dissipate little to no energy as heat, a major drain of
power in transistor-based logic. Operations can be done at energies approaching
thermodynamic limits [66], provided that efficient clocking agents are used.

radiation-hardness NMs are immune to ionizing radiation, making them suitable for
space or military applications.

NML indirectly came about from another spin-based logic scheme, quantum cel-
lular automata. The paradigm of bistable nanoscale objects that interact with their
neighbors as networks of cells—cellular automata—was proposed [68] as a response to
the challenges of scaling down transistor-based logic. Cells consisted of four quantum
dots arranged as the corners of a square, and two electrons occupied the corners of
either diagonal, encoding a bit. The design included a method of computation, and a
logic gate was eventually demonstrated [9]. However, these operate only at mK tem-
peratures. To operate at room temperature, NML was proposed as a sub-micron rather
than atomic implementation of the cellular automata paradigm [26]. Its accompanying
demonstration used in-plane nanomagnets, with stable magnetization in either direc-
tion along the chain axis (figure 1.4a). The lowest energy state has all NMs magnetized

5
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(a)

A

B D

C

M

(b)

90-120 nm

60 nm

(c)

Figure 1.4: (a) An NML signal transport chain with longitudinally magnetized
NMs (image from [26]) (b) Majority gate and (c) inverter chain with in-plane
rectangular nanomagnets.

in the same direction. If a NM at one end was oppositely magnetized, it could not
switch the next NM by itself, but under a longitudinal oscillating field, the antiparallel
oriented pair (“defect”) of magnets propagated down the chain (a magnetic soliton,
much like a domain wall) until all NMs had switched to the state of the input magnet.
Effectively, this demonstrates signal transport in NML.

In subsequent implementations of NML, NMs were arranged long-edge adjacent,
so that the magnetization direction alternates in the lowest energy state. In the sim-
ulation results showing this [27], the NMs were tall with square bases, so that their
magnetization was stable in both out-of-plane directions. Also, signal transport pro-
ceeded not by propagating a defect using an oscillating field; a field aligned all NMs’
magnetization at once along their unstable/neutral axis, then as the field relaxed the
NMs evolved into one of the states determined by their predecessor (“global clocking”).
The antiparallel alignment effectively demonstrates a NOT operation. Additionally, the
simulations included electronic input and output—an important building block in the
foresight of implementing NML within existing electronic circuits. A current-carrying
wire’s Oersted field served as input, and the last NMs were read out using a magnetic
tunnel junction.

Logic operations using arrays of NMs in the celluar automata scheme can be done
using majority gates. In a majority gate, three NM chains converge on a single magnet,
which then chooses the state antiparallel to the majority of the inputs. This is effectively
a programmable NAND/NOR gate. Together with the NOT operation, this makes
NML capable of a full logic set.

In another geometry, the NMs are rectangular and thin, so that their magnetization
is in-plane, lying long edge adjacent so that their stable magnetization is transverse to
the chain axis (see figure 1.4c). A field along the chain axis resets all NMs’ magneti-
zation along their unstable hard axis, and upon relaxation the magnets relax to either
transverse state, preferring antiparallel alignment as before. Signal transport and the
majority gate (figure 1.4b) have been shown experimentally [57], though with input
simulated by horizontally oriented magnets rather than using electronic input.

In this thesis, we investigate the reliability of NML signal transport in this config-
uration (chapter 2) and using tall NMs (chapter 3). In addition, this thesis presents

6



1.3. Communication

Figure 1.5: Typical configuration of a spin-torque nano-oscillator (image from
[25]).

results of clocking NML arrays using a magnetic domain wall in a nanowire adjacent
to the NMs as an alternative to the global clocking field (chapter 4).

1.3 Communication

The ubiquitous wireless communication we enjoy today, including WiFi and cellular
phones, transports its information over electromagnetic waves typically in the GHz
region of the radio frequency spectrum. Even intra-device communications make use
of RF signals. Typically, electronic oscillator circuits convert direct current into these
waves. And just as in electronic logic circuits, resistance that converts the input energy
into heat, as well as leakage current from transistors and often present amplifiers,
reduces the efficiency of oscillators. For more efficient oscillators, research has recently
turned to a magnetic alternative.

Spin-torque nano-oscillators (STNOs) contain magnetic layers that turn sustained
precession into oscillating resistance in response to a direct current, typically in the GHz
range [110], forming a magnetic alternative to transistor-based oscillators for inter- and
intra-device communication. Typically, a STNO comprises a fixed magnetic layer, a
non-magnetic or tunnel barrier spacer, and a free magnetic layer, as shown in figure 1.5.
A large magnetic field applied slightly off-axis pulls the free layer magnetization out of its
preferred orientation, inducing precession that is ordinarily damped into alignment with
the applied field. When a direct current passes through the fixed layer magnetization,
the electrons become spin-polarized, i.e. the electron spins overwhelmingly take on the
orientation as the fixed layer’s. The electrons deposit this spin angular momentum into
the free layer, applying a torque to the free layer magnetization. If this torque offsets
the damping, the free layer magnetization continually precesses.

Because the multilayer configuration exhibits Giant or Tunnel Magnetoresistance
(GMR or TMR), the precession of the free layer magnetization alters the resistance at
the same frequency as precession, which translates the direct current into a voltage with
an oscillating component. This voltage oscillation can then drive inter- or intra-device
communication [25].
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Chapter 1. Introduction

The advantages of such magnetic oscillators include [110]:

tiny size STNOs can be 50 times smaller than standard voltage-controlled oscillators.

tunability STNOs can be tuned over 10s of GHz by magnetic field and current.

resilience STNOs work with low bias voltages and over a wide range of temperatures.

integration Their simple structure allows on-chip integration.

A spin-torque based oscillator was in fact proposed as a possible application along-
side the theoretical discovery of spin-torque transfer [99]. Since then, magnetization
dynamics have been indirectly observed as anomalies in dV/dI characteristics [103, 62,
102], and later directly observed as microwave RF oscillations [65].

In general, multilayer STNOs can be divided into two categories: one where the
free layer is patterned to a particular shape and size and current is sourced across the
entire layer (spin valve and MTJ type) [65], or one where the free layer extends into
the plane but the region of current application is defined by the size of the contact to
the free layer (nanocontact type) [93]. Spin valve type STNOs typically require smaller
current densities, but nanocontact type boast narrow linewidth and high Q factor.

In addition, the orientations of the magnetizations in multilayer STNOs can vary.
Most commonly, both the fixed and free magnetizations are in-plane [65, 93, 81].
Alternatively, both the fixed and free layers can be made from magnetic materials
whose magnetization points out-of-plane [97]. Both configurations require a large
external magnetic field aligned a few degrees away from the easy axis.

Combining the best of both worlds, an in-plane fixed layer with an out-of-plane free
layer allows large precession of the free layer with a low external magnetic field [94,
76], or no magnetic field at all [36].

One of the most important challenges of STNOs is to increase their limited output
power. To accomplish this, a single STNO must be optimized but inevitably multiple
STNOs will have to oscillate synchronously for usable output signals while maintaining
narrow linewidth. To date only three nanocontact STNOs [49, 96] and four nanocon-
tact type STNOs with gyrating magnetic vortices [95] have been shown to oscillate
coherently.

In this thesis, we propose an entirely different geometry for coupled spin-torque
nano-oscillators using a single nanowire, named the in-line spin-torque nano-oscillator
(iSTNO, chapter 6). The nanowire has out-of-plane anisotropy with small regions
made to have in-plane anisotropy using, for example, ion irradiation. These “cells”
can be made to oscillate using a direct current through the nanowire. Simulations
demonstrate the concept while analytical modeling explains the origin of oscillation.
Finally, preliminary experimental results show evidence of oscillation iSTNOs.

1.4 Thesis structure

This thesis presents analytical, simulation, and experimental results on magnetic al-
ternatives to logic, memory, and communication, and its structure corresponds to fig-
ure 1.6. It first details the workings of in-plane NML (chapter 2) and describes the
simulation and experimental work on the reliability of signal propagation in such de-
vices. In addition, electronic input and output are demonstrated. Two modifications to
in-plane NML with global clocking are then presented. First, since using out-of-plane
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Figure 1.6: Evolution of projects covered in this thesis.

NMs offers some advantages, we have done simulations and experiments on nanopillar
NML (chapter 3), where magnets are FEBID-grown Co nanopillars. To solve the lack
of directionality inherent to global clocking, we propose and demonstrate domain wall
clocking (chapter 4), where a domain wall in an out-of-plane magnetized nanowire
underneath an NML array and resets each nanomagnet successively.

By instead running this nanowire underneath a single in-plane magnetized nano-
magnet, we present a nanomagnet-nanowire system where the domain wall pinning
strength depends on the nanomagnet state (chapter 5). Analytical and experimen-
tal investigation reveals the domain wall dynamics underlying the phenomenon. This
constitutes a read-out method for NML or, more generally, a memory element.

We briefly touch upon the concept of another clocking scheme where the cells of
an NML array are not magnets but in fact in-plane regions of an otherwise out-of-
plane nanowire, and spin transfer torque from current in the nanowire resets the cells
in a unidirectional manner (section 2.6.2). With a different choice of geometry and
materials, the device becomes an in-line spin-torque nano-oscillator (chapter 6). Here
we present analytical predictions, simulations, and experimental results of the iSTNO.
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Chapter 2

In-plane Nanomagnetic Logic

Nanomagnetic logic (NML) uses magnetic components to perform logic operations that
are traditionally done by transistor-based electronics. Its building blocks are bistable
nanomagnets (NMs) that interact magnetostatically. Signal transport occurs as NMs
arranged in a chain or array successively bias their neighbors during a clocking cycle. We
investigate the reliability of signal propagation down a chain of long-edge adjacent in-
plane magnetized NMs using both simulation and experiment. Simulations demonstrate
that inter-magnet spacing does not significantly impact the success rate, but important
factors include the strength of the input and whether the number of magnets is even
or odd. Experiments concur poor success rates and show that the exact result of
a clocking cycle is highly reproducible, using both magnetic force microscopy and
electronic readout by magnetic tunnel junction (MTJ). We furthermore show that the
latter can read the state of an entire five-element NML chain. Reducing the aspect
ratio of the last NM in an NML chain improves the success rate in simulation but
sees limited improvement in experiment. We also demonstrate electronic input using a
MTJ with a burned tunnel barrier near the first NM in the chain, but correct operation
requires precise alignment.

For the experimental portion of this chapter, See-Hun Yang, Charles Rettner, and Brian Hughes

fabricated the samples. The experiments were performed in collaboration with Li Gao, who also wrote

the sample preparation section.

2.1 Introduction

Nanomagnetic logic (NML) is a magnetic alternative to transistor-based logic, where
the computing elements are nanomagnets that interact with each other magnetostati-
cally. Where transistor-based logic dissipates a lot of heat and suffers leakage current,
NML operates at high power efficiency, approaching the thermodynamic limits of com-
putation in simulation [66]. Additionally, NML is non-volatile: each element saves
its state when the power is turned off. Finally, NML is resistant to electromagnetic
radiation.

The building blocks of NML are nanomagnets (NMs) small enough to support a
single magnetic domain, preferring to be in one of two stable magnetization directions
along an anisotropy axis set by shape or crystallography. In this chapter, we consider
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Chapter 2. In-plane Nanomagnetic Logic

thin rectangular magnets made from permalloy (in-plane NML), so that the shape
anisotropy dictates that the magnetization will be stable in both directions along the
long axis, and this encodes two values of a bit. Two-dimensional arrangments of NMs
form NML circuits, containing two basic components: inverter chains (figure 2.1a) and
majority gates (figure 2.1f). Both operate through a clocking cycle, which works as
follows (see figure 2.1):

1. A field resets the elements into a neutral state.

2. The inputs to the circuit are provided by biasing some magnets into the desired
state.

3. As the field is removed, each subsequent magnet evolves to the state dictated by
its predecessor.

In the case of in-plane NML, each successive NM in an inverter chain (figure 2.1a) be-
comes oppositely magnetized to its predecessor through magnetostatic coupling. This
means that the inverter chain enables signal transport as well as the NOT operation:
the logic gate that outputs the bit opposite to the input. In a majority gate (figure 2.1f),
three signals (A, B, and C) arrive at a central magnet (M). Through magnetostatic
coupling, M takes on the state most favored by its inputs: whichever bit appears most
among A, NOT(B), and C (figure 2.1g). The output of this majority operation is in-
verted and passed to the output D. The majority gate can be seen as a programmable
NAND/NOR gate, evaluating the NAND (outputs 0 if both of its inputs are 1, other-
wise 1) or NOR (outputs 0 if either of its inputs are 1, otherwise 1) operations on A
and C, depending on the state of B. Having these three logic functions available means
that NML supports a full logic set.

In this chapter, the clocking agent is simply a global magnetic field along the hard
axis (along the short edge) of the NMs. The operation is as fast as the magnetic
moments can align themselves to this field, which is of the order of a nanosecond, so
that the speed of NML can be of the order of GHz, comparable to that of transistor-
based logic.

The process falls apart, however, if for any reason any of the magnets fail to pick
the state dictated by its predecessor. Therefore it is important to discover what causes
errors and how to prevent them. In this chapter, we use micromagnetic simulation and
experiments on permalloy NML arrays to answer these questions. For complete albeit
slow analysis, magnetic force microscopy (MFM) reveals the exact location of errors.
For fast analysis, we incorporate a magnetic tunnel junction (MTJ) to electronically
read out the state of the last NM.

This chapter continues by describing simulations designed to determine the depen-
dence of successful information transport on the space between nanomagnets. Too
far apart, the coupling will be too small; too close together, strong coupling will am-
plify instabilities, and nanomagnets further away might gain influence. Besides the
dependence on spacing, the simulations reveal the origins of errors. A few methods
to improve success rates are proposed, and simulation results with reduced last NM
aspect ratio are presented. Next experiments on inter-magnet spacing and last NM
aspect ratio reduction are presented, yielding similar results and conclusions as the
simulations. Experiments are done by MFM and electronic readout, and the latter is
further discussed, as are experiments on input. The conclusion includes alternative
methods to clock NML devices.
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Figure 2.1: Schematic of two nanomagnetic logic (NML) building blocks, the
signal propagation/inverter chain (a-e) and majority gate (f-g). (a) An NML
array for signal propagation consists of rectangular in-plane magnetized nano-
magnets (NMs), long-edge adjacent. Their magnetizations can be in either
direction along the easy axis, denoting a bit. Through magnetostatic interac-
tion, the lowest energy state is to alternate magnetization (antiferromagnetic
alignment). (b) To perform an operation, a “clocking” or “reset” field aligns
all the NMs’ magnetizations along their hard axes into a neutral unstable state.
(c) As the field reduces, the first NM begins to relax to the state determined
by a biasing “input” field. (d) As the field further reduces, the NMs evolve to
their final state, biased by magnetostatic fields from their predecessor. (e) The
input has propagated down the chain. Each NM inverts the signal, equivalent
to a NOT gate. (f) The center NM in a majority gate responds to three inputs,
(g) equivalent to a programmable NAND/NOR gate.
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Chapter 2. In-plane Nanomagnetic Logic

2.2 Simulations

2.2.1 Success analysis

We ran simulations of clocking cycles in NML to give the first insights in the de-
pendence of success rate on spacing, using the OOMMF [29] micromagnetic simula-
tor. The program turns a physical system into a mesh of cells (in this case usually
10Ö10Ö10 nm3) and numerically solves the Landau-Lifshitz-Gilbert equation, yielding,
among other quantities, the time evolution of the magnetization of the system. A single
NML simulation simulates the system seen in figure 2.1a and runs through steps b–e
of figure 2.1: a clocking field along the chain axis resets the NMs’ magnetizations, and
that field relaxes while the first NM receives a transverse input field. If the end result
has the NMs alternating in magnetization, the simulation is recorded as a success.

The setup under investigation is a chain of rectangular nanomagnets, 60Ö90Ö20 nm3

each. Their small size dictates single-domain magnetization, and their rectangular
shape gives them two lowest-energy magnetization states: either direction along their
long axis. Placing them long-edge adjacent promotes antiferromagnetic alignment of
the magnetizations. During a simulation run, a global magnetic field of at least 80 mT
is applied in the direction of the chain axis (+x), during a period of at least 5 ns.
This causes the magnetizations of the NMs to align along their hard axis in a “reset”
state. The field is gradually reduced to 0 during a period of 10 ns. When the field has
decreased to around 60–70 mT, the first NM starts to relax into a +y (transverse to
wire axis) state because it is given an input in the +y direction. In the simulations,
this is modeled by a local 1 or 10 mT field transversely across the first NM. The second
NM follows by turning into the −y direction, and so on. Unfortunately, for more than
4 NMs, errors occur.

To obtain the success rate for devices of any specific geometry, we ran many,
usually 25, simulations for each parameter set with stochastic variation. Variations
in nanofabricated devices can be geometrical, or they can arise from spatially varying
saturation magnetization or anisotropy; in simulations, we accounted for their combined
effect by a magnetic field superimposed on the simulation grid of randomly oriented
vectors. Success rate of an NML array with 8 NMs is plotted in figure 2.2 for various
inter-magnet spacings; the magnitude of the random field has a significant effect on
the success rate. For the rest of the simulations, a 0.2 mT random field is selected as
a compromise between enough statistical variation and erratic behavior.

Simulations were performed for NML chains of 4 to 8 NMs, spaced 10 to 40 nm
apart. Figure 2.3 shows the success rates for different inter-magnet spacings, for two
magnitudes of the input bias field (1 and 10 mT). First, the 40 nm result differs from the
more closely spaced NMs, suggesting an upper limit for spacing that allows sufficient
coupling. For closer spacings, the success rates alternate for even and odd number of
nanomagnets. To find out why this happens, we observe the time evolution of each
NM’s magnetization’s y-component, which provides some hints towards the origin of
error in the signal propagation.

Figure 2.4 shows a sample of the time evolution of the NMs’ magnetizations. As the
global clocking field relaxes, the first NM, which has an angled magnetization due to its
input field, starts to turn into its final state when the field reaches around 50–60 mT.
The second NM follows, and the third starts to flip around 40 mT. Problems occur
because the last NM in the chain starts to choose a final state when the field is also
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Figure 2.2: Success rate for 8 NMs with various inter-NM spacing and different
magnitudes of random field superimposed. A clocking field is reduced from
100 mT to 0 in 10 ns. A few representative 95% confidence intervals are also
shown.
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Figure 2.3: Success rates for various numbers of NMs and space between the
NMs. A local field of (a) 10 mT or (b) 1 mT is applied transversely to the first
NM as an input bias. A representative 95% confidence interval is shown.

50–60 mT, well before the preceding NMs start to relax. The last NM is susceptible
to this because it only has one neighbor instead of two; in the reset state, the field
lines from a NM’s neighbors reinforce the hard-axis alignment. The second-to-last NM
chooses a final state based on the last NM, and essentially a signal propagates from
both ends of the chain. From one end the input bias selects the orientation, but the
orientation from the other end is random, with 50% probability of one state or the
other, thus a 50% probability that a conflict occurs in the center.

The reason that the success rates are not consistently 50% is indicated by the fact
that the behavior is very different for even or odd numbers of NMs—for 4 and 6 NMs
the success rate is nearly 100%, while for 5 and 7 NMs it is nearly 0, and for 8 NMs
it is between 50 and 100% (figure 2.3a). In fact, the angled magnetization of the first
NM influences the choice of the last NM through its magnetostatic field—for an even
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Figure 2.4: Component of magnetization of each NM transverse to chain axis
as the clocking field is reduced in an NML chain of 7 NMs. The first NM which
is biased, starts to evolve around 50–60 mT, and the second NM follows. The
last NM starts to evolve incorrectly around 40 mT, before even NM 3 relaxes.
Propagation comes from both ends and meets in the middle where NM 4 cannot
satisfy antiferromagnetic alignment with both of its neighbors.

number of NMs the −y choice is correct, and for an odd number the −y choice is
incorrect. For longer chains (8 NMs) the influence decreases below the random field.
Reducing the input field to 1 mT diminishes the influence, as shown in figure 2.3b,
where the rates converge to 50% more quickly.

The change in magnetostatic coupling between neighboring NMs as a result of
changing the inter-NM spacing is comparatively insignificant. Also we note that in all
the simulations, there is maximally one pair of neighboring NMs magnetized parallel
within a chain, which is attributable to the above.

Simulations have thus given some insights into the reliability of NML inverter chains.
The success rate depends on the magnitude of the variation applied to the system,
whether the number of magnets is even or odd, and the magnitude of the input field.
The inter-magnet spacing is less important. Premature evolution of the last magnet
explains these observations and explicitly appears in a time-evolution plot (figure 2.4).

2.2.2 Methods to decrease error

A common method to prevent the last NM from evolving randomly is to terminate the
array with a rectangular “helper magnet” with its easy axis parallel to the hard axes
of the NMs [23]. Since it is permanently magnetized in the clocking field direction,
it encourages the last magnet to stay magnetized in that direction as well. However,
a helper magnet a) blocks this prime location for an output device and b) prevents
continuation of the circuit, so we seek other solutions.

We investigated several methods. Two geometrical alternatives are inspired by
modeling of the field at which NMs begin to evolve away from the reset state (the
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NMs’ reset field, see this chapter’s appendix 2.A). These include:

Decreasing the spacing of the last NM The inter-NM spacing before the last NM
is decreased, or the spacing between the last four NMs is successively decreased.
This increases the coupling of the last NM while it is reset, keeping it reset longer.

Changing the aspect ratio of the last NM The last NM has a smaller aspect ratio
than the rest of the NMs, lowering its reset field.

Two others involve modulating the global field as it relaxes, in order to help the last
NM find the correct energy minimum when the reset field is reached, similarly to having
a NML array without input find its energy minimum [88].

Adding a rotating field The global clocking field is modulated by a sinusoidal x or y
field, or a rotating field, oscillating around 1 GHz.

Stepwise relaxation with damping oscillations The global clocking field is reduced
stepwise in up to 50 steps, with at each step an oscillating field dampening to 0
(taking care that the field is continuous).

The global field modulation scenarios did not structurally increase the success. In
the stepwise model there is no significant effect at all, and simply adding the rotating
field usually skews the success rate towards either 0 or 100%, with no discernible pattern
depending on number of NMs or spacing. Instead of guiding the NMs’ magnetizations
to lowest energies, the fields bring the magnetizations to resonance during sections of
the clocking field relaxation, and the result of a simulation then depends on a NM’s
transverse magnetization component as it stops oscillating and the clocking field is
relaxed enough, i.e. timing determines the outcome. Decreasing the spacing between
the last NM or couple of NMs also has no significant effect.

The differing aspect ratio of the last NM as opposed to the rest is an effective and
easily implementable way to reduce error rates. Starting with the 60Ö90Ö20 nm3 NMs
and simply making the last NM wider (80Ö90 or 90Ö90) is ineffective (in fact, the
square NM causes more errors). However, using a chain of 60Ö120Ö20 nm3 NMs with
the last one 60Ö90Ö20 nm3 does significantly increase the success rate, as shown in
2.5. For inter-NM spacings ≥ 20 nm, simulations show error-free propagation for up
to 8 NMs.

Next, we performed experiments on NML systems to see if the same reliability issues
appear and whether reducing the last NM aspect ratio works in practice as well.

2.3 Experiments

Simulations have shown that errors are present in most NML configurations, caused
by the tendency of the last NM to pick a state before its turn. We have made arrays
of permalloy NMs to observe these results’ validity in real devices. Devices consist
of a series of 1 to 10 NMs of dimensions 60Ö90Ö20 nm3. Many devices include
a 100Ö150Ö20 nm3 NM, situated diagonally away from the first NM and oriented
parallel to the NM chain axis (x-direction) (see figure 2.6) to simulate an input device.
For electronic output measurements, a magnetic tunnel junction (MTJ) lies buried
underneath the NML plane after the last NM (see figure 2.7), and for electronic input,
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Figure 2.5: Reduction of error rate in an antiferromagnetically coupled NML
chain by reducing the aspect ratio of the last NM. (a) All magnets from
60Ö120 nm2, (b) Last magnet 60Ö90 nm2, all others 60Ö120 nm2.

an MTJ lies similarly underneath and in front of the first NM (figure 2.10). Section 2.3.1
details sample preparation.

To reset the device, a 60 mT clocking field, applied in the +x direction of the
NM chain, magnetizes the NMs along their hard axes and sets the input NM. The field
slowly decreases, and the NMs relax into either of the transverse (±y) states. If all goes
well, the first NM follows the input NM’s field, and the rest alternate in magnetization
direction.

2.3.1 Sample preparation

Thin films for the MTJ layer were deposited in ultrahigh vacuum using a combination
of sputtering and ion-beam deposition, with the following structure: 50 Ru/250 Ta/
150 Ir18Mn82/5 Co40Fe40B20/24 Co70Fe30/5 Ru/27 Co70Fe30/14 MgO/30 Ni81Fe19/
25 Ta/35 Ru (all thicknesses in Ångstroms). The bottom electrode was patterned into
a mesa structure to reduce likelihood of shorting through refill insulation after device
patterning. Mesa structures were patterned using e-beam lithography and formed using
ion-beam etch and in-situ alumina insulator refill. Etch and refill process was performed
using Oxford IonFab 300+.

After the patterning of the bottom lead (mesa), e-beam lithography and ion-beam
etching were used to fabricate (1) nominally rectangular pillars with lateral dimensions
of 150Ö100 nm2 for the output device and (2) nominally round pillars with diameter of
200 nm for the input device. Samples were etched below the synthetic antiferromag-
netic (SAF) layer to minimize coupling between free and pinned layers and an insulator
layer of AlOx was then deposited in-situ around the completed MTJ devices.

Upon completion of the MTJ processing, nanomagnet logic elements in the form
of magnetic nanomagnets were patterned between the input and output devices using
a lift-off process. E-beam lithography was used to open 90Ö60 nm2 holes in resist
and 200 Å of Ni81Fe19 permalloy was deposited through these holes using e-beam
evaporation deposition.

The top contacts were patterned through a pair of lift-off processes. Fine contact
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was produced using e-beam to open contact holes in resist, and Ta/Au electrodes were
deposited through these holes to provide electrical contact to input and output devices.
Optical lithography was then used to open large contact pad holes in resist, and Ta/Au
electrodes were again deposited through these holes to provide electrical probe pads
for input and output devices.

2.3.2 Repeated MFM of NML arrays

We used magnetic force microscopy (MFM) to measure the outcome of a clocking
cycle, on a Veeco Nanoscope D5000. MFM is a modfied version of atomic force
microscopy (AFM), which scans a surface to obtain topography. In AFM, a nanoscale
pyramid-shaped tip sits at the edge of a cantilever, which is excited by an oscillating
driving voltage to vibrate near its mechanical resonance frequency. A laser measures
the vibration amplitude. When the tip is brought within 100 nm of a surface, various
atomic forces modify the amplitude, and the tip height adapts to keep the amplitude at
a particular setpoint, and thus the tip traces a 2-D topography map at a constant height
above the surface. In MFM, the tip is coated with a magnetic material (in our case
CoCr) and measures the magnetic characteristics of the sample during a second pass
at a constant height above the surface. The interaction of the magnetic tip with the
magnetostatic field of the sample’s magnetization introduces a phase difference between
the cantilever vibration and the driving voltage that is approximately proportional to
d2Hz/dz

2, where z is the out-of-plane direction. The resulting phase map contains
clues of the sample magnetization. Specifically, the phase map corresponds to the curl-
free part of the magnetization, which can be reconstructed [71], but for our purposes
the magnetization direction of NMs in the NML array is easily discernible by eye, for
example in figure 2.6.

We took 79 devices on a single wafer (set 1) and 94 devices on another (set 2),
subjected them to a +x clocking cycle, and imaged them by MFM to see whether they
attained the correct final configuration. Results are summarized in table 2.1. Set 1 has
only e-beam evaporated permalloy NMs with horizontal input magnets, with arrays of
size 5, 8, 9, and 10 NMs. Set 2 includes an MTJ at the end (and in some cases one
at the beginning) for experiments described in section 2.4. 19 of the measured devices
have an MTJ next to the first NM as well, to be used as an input device, so the input
NM is omitted.

Set 1 suggests that the success rate is low for inter-NM spacings below 15 nm
or above 30 nm but does not vary much inbetween. Set 2 possibly shows evidence
of the phenomenon of success rate dependence on even-odd NM-number also seen in
simulations (figure 2.3), but here the opposite appears the case: high success for an
odd number and low success for even. The crucial difference is that in the simulations
only the first NM received a bias field, and the last magnet might be biased by the first
NM’s long range magnetostatic field; in the experiment, the input magnet might have
a long-range effect on the last NM.

17 of 48 errors involve NM 1 and 2 (not shown), suggesting that the input NM
contributes to the errors. The input NM measured 100×150 nm2 and is calculated
to induce a 9.2 mT average y-field across the first NM, and a 2.4 mT y-field across
the second. In the simulations, a 1 mT y-field sufficiently biased the first NM. The
suggestion is therefore to make the input device smaller. Finally, six of the measured
devices had more than one pair of neighbors with parallel magnetization, which never
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set 1 set 2
space [nm] 5–10 NMs 5 NMs 8 NMs

10 2/8
12 0/8
15 3/7 5/9 4/9
20 2/8 5/9 5/9
22 5/8
25 3/8 9/10 4/9
30 3/8 4/10 2/10
40 0/8

30 (2 MTJs) 7/10 1/9
20 (w/o ipt) 11/16

Table 2.1: Success rate for many devices after a single reset. The last two
rows concern devices without an input nanomagnet.

happened in simulations.
The devices on the wafer were reset several more times, and a subset of the devices

were imaged each time with MFM to evaluate for correctness. Strikingly, 72 of 75
evaluations in set 1 and 44 of 48 evaluations in set 2 showed the exact same final
state, that is successful where successful the first time and erroneous where erroneous
the first time, with the same error. This suggests that the errors are attributable to
imperfections inherent to the device.

The devices on the wafer were then reset with a slight misalignment of +5°, and
17 devices were imaged with MFM. The devices were then reset with a misalignment
of −5°, and the 17 devices were imaged again. Of 34 images, 15 of the results were
different than the (reproducible) result of a 0° state. More significantly, 13 of the 15
changes are explicable by the slight y field. As an example (see figure 2.6), a particular
device of 5 NMs relaxed to a final state where NMs 2 and 3 formed a parallel pair
(figure 2.6a), in which NM 3 incorrectly attained the +y state. With the clocking field
angled at −5°, NM 3 was corrected to −y by a slight −y field (figure 2.6b). In another
device of 8 NMs, the final state with aligned clocking was correct (figure 2.6c), but
the small −y field caused NM 2 to incorrectly relax to the −y state (figure 2.6d).

The results suggest that errors are caused by a slight anisotropy inherent to each
device, i.e. fabrication variation, that overcomes the antiparallel coupling preference,
but only slightly.

The dependence of error rate on misalignment is supported by simulations and
experiments performed elsewhere [22]. Simulations show that a standard deviation of
the easy axis of the NMs even by 1° causes a significant increase in the error rate of
the device. Analysis of Scanning Electron Microscope images of real fabricated NMs
showed that 75% of nanomagnets have an easy axis misalignment of 1° or more.

2.3.3 Last magnet smaller

To improve the results of signal propagation in NML inverter chains, we experimentally
tested the simulation result that reducing the aspect ratio of the final NM in the chain
increases the success of signal propagation. We made a wafer with several arrays of
permalloy NML devices only, that is no input/output MTJs, of lengths 4, 5, 9, 10, 19,
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(a) 5 NMs, 0° (b) 5 NMs, -5°

(c) 8 NMs, 0° (d) 8 NMs, -5°

Figure 2.6: MFM images of resetting a NML chain with a clocking field in line
with the chain axis (a and c), and slightly angled (b and d). The slight −y field
can correct or introduce errors.

and 20 magnets. NMs measure 60Ö120Ö10 nm3, but half of them have a shorter last
magnet (60Ö90 nm2) and half do not. Additionally, some have a 60Ö90 nm2 input
magnet and some do not.

The devices underwent a clocking cycle, and 480 devices were imaged by MFM.
For devices without an input magnet, there is no difference between the devices having
a 60Ö90 nm2 or 60Ö120 nm2 last magnet (not shown). This makes sense, as the first
magnet does not carry a signal to propagate, and altering one end of the chain would
not improve results. For devices with an input, the success rate significantly improved
for devices of 4 and 5 magnets when the last magnet is shorter than the rest (Set 1,
table 2.2a).

Another wafer zoomed in on the range 4–9 magnets (Set 2); results are shown in
table 2.2b. The same is observed: for 4- and 5-magnet devices there is significant
improvement, but for 7 and longer there is no significant difference (there was no data
for 6-magnet devices).

# last magn. last magn.
magnets equal shorter

4 0.58 1.00
5 0.50 0.84
9 0.80 0.76

10 0.35 0.05
19 0.10 0.45
20 0.16 0.11

(a) set 1

# last magn. last magn.
magnets equal shorter

4 0.42 0.85
5 0.45 0.84
7 0.47 0.43
8 0.37 0.35
9 0.29 0.40

(b) set 2

Table 2.2: Proportion of successful NML devices with input magnets. Sam-
ple sizes are mostly 20 per population. Besides the numbers of magnets in
the set, sets 1 and 2 differ slightly in their fabrication procedure. Significant
improvement in device success rate is observed for 4- and 5-magnet devices.
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Figure 2.7: (a) Side-view schematic of inclusion of an MTJ to read the output
of an NML array. The lighter colored NM indicates the input NM. (b) Scanning
electron microscopy image of an NML array with a buried output MTJ and an
input NM diagonally to the side of the first NM. (c) MTJ resistance versus field
transverse to the NML chain. After a clocking cycle with a +x or −x reset
field, the last NM attains the up or down state, which determines the MTJ’s
RH loop. The last NM state can be read by probing the resistance at a field
between −7 and 0 mT.

Decreasing the aspect ratio of the final NM in the NML inverter chain thus improves
signal propagation to a limited extent, whereas simulations predicted excellent success
rates for much longer chains. Experimentally, inherent fabrication variations appear to
continue to dominate the additional stability granted by a smaller final NM in chains
of 6 NMs and longer. Additional improvement might be gained by making the input
NM significantly smaller. Since an average y-field of not more than 1 mT is needed to
bias the first NM, a NM simulating input can be as small as 60Ö30 nm2. Of course, in
practical devices, input bias will not be provided by input magnets, nor will output be
read by MFM. The next section describes experiments on electronic input and output.

2.4 Magneto-electrical interfaces

2.4.1 Output

In practical applications, NML will likely be part of a hybrid NML-electronic circuit
[63], so there will have to be some interface between electronics and magnetism at the
inputs and outputs of NML. As briefly mentioned in the previous section, one set of
investigated devices have a magnetic tunnel junction (MTJ) adjacent to the last NM
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Figure 2.8: Output MTJ readout after repeated clocking cycles with alternat-
ing direction of the input magnet. The same pattern continues for 800 cycles.

to read its state electronically (see figure 2.7 and section 2.3.1 for fabrication details).
The MTJ is a 150Ö100 nm2 nanopillar made up of two magnetic layers separated
by a thin oxide layer. The bottom layer, made from Co70Fe30, has its magnetization
fixed in the −y direction by exchange bias from synthetic antiferromagnetic layers.
The magnetization of the top layer, made from permalloy, is free to switch between
the +y and −y directions, responding to the last NM’s magnetostatic field. The
resistance of the MTJ depends on the relative magnetization of the two layers through
the tunneling magnetoresistance (TMR) effect, thus turning the NML output into an
electronic signal.

Since the last NM’s magnetostatic field isn’t strong enough to flip the magnetization
of the free layer directly, a field is swept from −30–+30 mT and back in the transverse
direction while the resistance is monitored. The state of the last NM determines at
what field the top layer magnetization flips and the resistance jumps. Figure 2.7c
shows the resistance vs. field (R-H) loops for the two output states of the last NM. In
practice, the resistance at a particular field, in this case any between −7 and 0 mT, is
probed to obtain the NML output.

Simulations (section 2.2) and MFM measurements (section 2.3) can tell us device-
to-device success rates, but measuring success rates of clocking cycles on the same
device is cumbersome. Using the output MTJ, we can quickly perform many clocking
cycle repeats on the same device. The devices are arrays of 5–10 NMs. Additionally,
diagonally from the first NM, there is a 100Ö150 nm2 NM with its long/easy axis along
the chain direction (figure 2.7b), which provides input bias to the first NM through
its magnetostatic field. The clocking field that resets the NML elements, which can
be in either longitudinal direction, also sets the input magnet. We ran 800 clocking
cycles with alternating input and read out the output using the MTJ after each cycle.
A typical result of a subset thereof is shown in figure 2.8.

The output thus responds perfectly to the input. However, this does not necessarily
mean that for this device the signal propagates perfectly—just that success or failure
is perfectly reproducible. In fact, since we know that the MTJ fixed layer orientation is
the same in every device (resistance is high when the field is positive), we expect that
the resistance state (high/low) always corresponds to the same last NM state (+y or
−y). For example, in any even-numbered NML device with a +x clocking field, the
last NM should be +y magnetized yielding a low MTJ resistance at the probe field. In
addition, when the number of NMs increments, we expect that the alternate high/low
output inverts with the same alternating input. Unfortunately, this is not the case,
suggesting that in some devices, the output magnet is always opposite to the correct
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Chapter 2. In-plane Nanomagnetic Logic

state, and thus that some devices always contain errors.

It turns out that the MTJ output can reliably tell us the state of not only the last
NM but resolves the state of the entire NML chain. If the offset of the hysteresis loop
with respect to zero field (MTJ offset field) is extracted from the full R-H loops, we
find that in some devices, the MTJ offset field is distributed in not one narrow band per
reset direction but two distinct bands of field. MFM was done on these states in each
direction and indeed multiple clocking cycles produced two states and their inverses
(figure 2.9a).

Calculations using OOMMF of the average magnetostatic field at the MTJ’s loca-
tion due to each possible state of the device confirmed that there is a large range of
possible values per last NM state (see figure 2.9b). After centering the experimental
MTJ offset fields around 0 and some scaling (arising from the MTJ in the calculation
not being buried but coplanar with the NMs, and that the magnetostatic field and
offset field are not necessarily exact opposites) the experimentally obtained two states’
MTJ offset fields match calculation.

It is thus possible to distinguish device states from the output of the MTJ at the end
of the chain, not just read out the last NM. Also, for the particular device in the figure,
88% of resets left the device in a particular state, which resembles the MFM results
where 92% of devices (although 60Ö90 nm2) displayed the same state after a repeated
reset. In fact, of 24 devices whose MTJ offset field distributions were measured, 2
exhibit significant MTJ offset field splitting.

2.4.2 Input

Practical devices will also need to convert electronic input into magnetic bias to the
first NM, in place of the previously used fixed input magnet. In an early simulation
[27], input was envisioned as a nanowire providing bias through its Oersted field. Here
we demonstrate the use of the Oersted field of a buried conduit as input. For this,
we use the MTJs that are situated next to the first NM. Since the fabrication of the
NML devices with an output MTJ includes depositing an MTJ layer across the entire
wafer and removing it everywhere except at the output sites, substituting MTJs for
input NMs does not take an extra fabrication step. Two methods are proposed to
provide input. A spin-polarized current can set the MTJ by spin torque transfer, and
the magnetization of the free layer biases the first NM. Alternatively the tunneling
barrier of the MTJ can be destroyed (i.e. made conductive) by a large current, and
a (moderate) current through the now conductive structure has an Oersted field that
will bias the first NM. The former method has the advantage that it is theoretically
a non-volatile input, although the strength of the bias is likely to be too small and
affected by the reset field. Thus the second method is used, and a circular MTJ of
200 nm diameter is chosen.

To demolish the input MTJ barrier, an increasing current is passed through the
MTJ until the resistance drops. Intact, the resistance of various MTJs is on the order
of a few kΩ, and after passing about 0.6–1.0 mA, the resistance drops to 100–200 Ω.
The current can then be increased up to a few mA before it burns and no more current
flows.

The only clocking cycle modification is that a current is passed through the broken
input MTJ while the clocking field relaxes to zero. Changing the sign of the current
is expected to change the first NM bias, so a different bit should propagate down the
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Figure 2.9: (a) Offset field of resistance vs. field curve of output MTJ for
+x and −x resets. There are apparently two states and their inverses to which
the device can relax, as confirmed by MFM images. (b) Calculations of the
magnetostatic field confirm that offset field can differ discernibly depending on
the error location.
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Electronic input: 
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Output MTJ
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Figure 2.10: SEM image of NML array with input and output MTJs.
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Figure 2.11: (a) Incidence of the output being in the +y state vs. magnitude
of positive and negative input current and the angle of the clocking field, for
two different devices. The output responds to the input but is very sensitive
to the clocking angle. (b) Four different devices’ incidences of +y state vs.
magnitude of positive and negative input current at the optimal clocking angle.
Correct operation increases with increasing current magnitude.

device to the last NM, and the output MTJ’s response should change.

At first, no switching of the output was registered upon switching of the input
current. However, the results changed when the clocking field was applied up to a
few degrees off-axis. We found that the output was very sensitive to clocking field
alignment: with a slight negative misalignment the output would take on one state
regardless of input current, and a slight positive misalignment would result in the other
state regardless of input current. With the clocking field within about a degree of
perfect alignment, we observed response of the output to the input: switching the
input switched the output. Figure 2.11a shows the output response—the proportion
of clocking cycles that left the output in the +y state—as a function of current and
misalignment.

Two things should be taken away from this figure. First, when the reset field is
correctly aligned, the input current direction determines the state of the device; at a
particular angle in each device, the output state tends towards one state for negative
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currents and towards the other for positive currents. Second, the reset angle has a small
tolerance; with even half a degree misalignment, the current has little to no influence
on the output state. In figure 2.11b, the output response is plotted versus current with
a perfectly aligned clocking field. It shows that the output responds more reliably with
increasing current magnitude.

Thus, to a limited extent, an input in the form of an Oersted field from a current
can propagate through an NML device and determine the state of an output MTJ. One
problem is that the wire was buried below the plane of the NMs; if the wire were taller,
i.e. extended into the plane of the NMs, the input’s influence would be stronger.

2.5 Conclusion

As it stands, NML with in-plane rectangular nanomagnets and global clocking is in-
herently unreliable and sensitive to fabrication variation. Simulations show the last
magnet in a NML inverter chain may evolve to a final state before the signal reaches
it, contrary to correct signal propagation. One method to prevent this, to give the
last NM a lower aspect ratio, makes the propagation work correctly and improves the
success for at least 8 NMs.

NML arrays were made from permalloy, and MFM was used to image their response
to a clocking cycle. Many devices contained errors, but more strikingly success/failure
was highly reproducible down to the exact error location, suggesting that device fab-
rication deviations determine the final result. Experiments where the NML devices
included an MTJ at the end to read out the state of the final nanomagnet corrobo-
rated this result. In almost all devices, the last NM always assumed the same state,
whether correct or incorrect. Furthermore, it turns out that the MTJ is sensitive to
the location of an error along the chain, and that was highly reproducible as well.

NML arrays were further equipped with an input device, made from an MTJ with
burned tunneling barrier. An input signal in the form of the current direction would
result in a change of output to a limited extent, but only when the clocking field was
aligned to within 1°. This further proves the sensitivity to conditions and fabrication
of NML in this form.

2.6 Outlook

2.6.1 Recent developments

One way to avoid these clocking instabilities is to break up the NML chain into sets
of as many magnets as will reliably transport a signal, and clock each of these sets in
sequence (“pipelining”) [6, 5]. This has some challenges, such as non-uniformity of
the field near clocking wire boundaries [83]. Other methods to control the instabilities
in NML arrays include shape engineering [56, 67, 84] or introducting biaxial anisotropy
[23]. These introduce some stability to the NMs but leave the last NM’s deviating
behavior intact.

Reducing clocking to one NM at a time would ensure that no NM switches before
its turn. This can be achieved by passing a magnetic domain wall along the NML chain,
where the domain wall’s field can magnetize each NM along its hard axis sequentially.
Chapter 4 describes simulations and experiments investigating this method.
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Figure 2.12: Proposed alternative field-free clocking methods exhibiting uni-
directionality. (a) Non-local spin injection uses the pure spin current induced by
a spin-injected charge current to reset nanomagnets. (b) In-line clocking where
spin-transfer torque from in-plane regions reset the out-of-plane NML cells.

In-plane NML has additional challenges, such as the difference between transport
in long-edge adjacent and short-edge adjacent NMs, both of which are required for
gate operation. The alternative is to use perpendicularly magnetized NMs. They can
be nanopillars [27]—chapter 3 details our investigation thereof—or NMs made from
PMA materials such as CoPt [59].

Using PMA nanomagnets, alternative clocking methods have been investigated.
Spin Hall effect clocking [15] is energy-efficient but encounters the same problems as
global clocking using field. Oscillatory clocking [32, 13, 64] clocks NMs one-by-one. It
requires artificial nucleation centers in the NMs and is sensitive to fabrication variation,
but it has been used to demonstrate a one-bit adder [18] and is a promising method
to continue development of nanomagnetic logic.

2.6.2 Alternative clocking

We propose two other concepts for clocking, both of which are field-free and moreover
include unidirectionality. One is non-local spin injection clocking. The non-local spin
injection phenomenon [109] holds that a charge current injected into a non-magnetic
material induces a spin current opposite to the planar direction of the charge current.
The spin current can then switch the magnetization of magnets on top of the non-
magnetic material. For NML the geometry would look like the sketch in figure 2.12a:
an in-plane injection nanomagnet precedes an array of out-of-plane nanomagnets. If
the charge current is directed away from the NML array, a pure spin current will reset
the NMs along an in-plane axis. Directionality is inherent because the spin current
strength diminishes as it travels away from the injection magnet. Thus the closest
magnet to the injection magnet is reset most strongly and thus will evolve last as the
current is reduced; signal transport is unidirectional from the farthest to the closest
magnet. The injection magnet can itself form the fixed layer of a GMR or TMR readout
device, thus integrating electronic output as well. The scheme extends easily to 2-D
arrays. With good current polarization, the required charge current can be of the order
1010–1011 A/m2. Another consideration is the spin diffusion length of the non-magnet,
(which can be anywhere between a few 10s of nm to nearly 1 µm for metals [12] or
more than 1 µm for graphene [70]); the spin current should remain intact over a long
enough distance to reset the entire array but should also decay on a short enough
distance to ensure unidirectionality.

The other clocking concept is in-line clocking. The scheme uses a geometry very
similar to the in-line spin-torque nano-oscillator (see chapter 6), where the NML cells
are either in-plane regions of an otherwise out-of-plane nanowire or—more in line with
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recent NML developments—out-of-plane regions of an otherwise in-plane nanowire. In
the latter case, when charge current becomes polarized in the in-plane region of the
nanowire, it deposits that magnetization into the out-of-plane cells to pull them in-
plane, thus resetting them. If the spin diffusion length is on the order of the separation
between cells, a cell in the in-plane reset state will reinforce the spin polarization re-
setting the next cell. Thus when the current is reduced, the cells will evolve out of the
reset state in order starting from the cell last reached by electrons, ensuring direction-
ality. Questions that need to be answered include whether enough angular momentum
can be transferred and whether a material can be selected that is ferromagnetic with
out-of-plane anisotropy and a long enough spin-diffusion length.

Appendix 2.A Model for the reset field of NMs

The last magnet in an NML chain begins to evolve before the others do because it
only has one neighbor instead of two to help keep it reset. To quantify the magnitude
of this discrepancy, we derive a macrospin model to obtain the reset field (the field at
which a NM’s magnetization begins to evolve away from the hard axis, or reset, state).

The energy density in a NM in a chain of NMs aligned along the hard axis, assuming
uniform planar magnetization across the NM, is

e =
1

4
µ0DxyM

2
s cos 2θ︸ ︷︷ ︸

self−magnetostatic

−µ0MsHcl cos θ︸ ︷︷ ︸
clocking

−nnbµ0MsHcp cos θ︸ ︷︷ ︸
magnetostaticcoupling

(2.1)

with
θ = deviation of NM’s magnetization from hard axis.

nnb = number of neighboring NMs, 1 or 2.
Dxy = Dy −Dx, the difference in demagnetization factors of the easy

and hard axes.
Hcl = clocking field.
Hcp = effective magnetostatic coupling field from neighboring NMs

The NM begins to evolve from the hard axis (reset) configuration when d2E/dθ2|θ=0=
0, which yields the reset field

Hr = DxyMs − nnbHcp (2.2)

Hcp is empirically found to be closely approximated by*

Hcp =
a(xNM )

[xsp + c(xNM )][xsp + xNM + c(xNM )]
(2.3)

with xNM the NM width, xsp the space between NMs, a(60 nm) = 9.23×10−11 A ·m
and c(60 nm) = 16.3 nm, the constants depending very weakly on the NM height
(transverse direction).

*which can be generalized to Hcp = a(d)
∑n−1

i=0 [(xsp + id + c(d))((xsp + id + nd + c(d))]−1,
to accomodate different NM widths n · d using the same a and c, for example a(10 nm) = 3.11 ×
10−11 A · m and c(10 nm) = 11.9 nm.
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The reset field of the second through second-to-last NMs and the last NM thus
differ by Hcp, which for xNM = 60 nm, xsp = 20 nm is 33 mT. Ways to equalize the
reset fields thus include changing the last NM’s aspect ratio and thus Dxy or changing
Hcp by altering xsp.
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Chapter 3

Nanopillar Nanomagnetic Logic

Nanomagnetic logic (NML) intends to alleviate problems of continued miniaturization
of CMOS-based electronics, such as energy dissipation through heat, through advan-
tages such as low power operation, and non-volatile magnetic elements. In line with
recent breakthroughs in NML with perpendicularly magnetized elements formed from
thin films, we have fabricated NML inverter chains from Co nanopillars formed by
focused electron beam induced deposition (FEBID) that exhibit shape-induced perpen-
dicular magnetization. The flexibility of FEBID allows optimization of NML structures.
Simulations reveal that the choice of nanopillar dimensions is critical to obtain the
correct antiferromagnetically coupled configuration. Experiments carrying the array
through a clocking cycle using the Oersted field from an integrated Cu wire show that
the array responds to the clocking cycle.

This work is done in collaboration with Nidhi Sharma at Eindhoven University of Technology, who

fabricated and characterized the samples. Content in this chapter forms part of a journal article in

preparation as N. Sharma, R. A. van Mourik, S. S. P. Parkin, and B. Koopmans. “Nanomagnetic

Logic With FEBID-grown Nanopillars”.

3.1 Introduction

The ever-decreasing scale of electronics comes with ever-increasing challenges in man-
aging byproducts such as heat dissipation and leakage current. To continue the trend
of Moore’s law, an alternative to conventional computing can be found in magnetic
devices. Specifically, nanomagnetic logic (NML) [26, 57] shows promise as a low-power
alternative to perform logic operations with additional advantages such as non-volatility
and radiation-hardness. In NML, bits are encoded by the magnetic state of bistable
nanomagnets, and information is transferred through magnetostatic interaction be-
tween neighboring magnets, implying signal transport with in many cases inversion
from one magnet to the next (a NOT operation). A magnet that responds to the mag-
netic state of multiple previously set nanomagnets forms a majority gate, essentially a
programmable NAND/NOR gate. These elements together generate a full logic set.

Most commonly, NML systems consist of an array of thin rectangular nanomagnets
placed long-edge-adjacent [88] (figure 2.1a). The two stable magnetization states (that
encode a bit) are both in-plane directions along the nanomagnet long axis. Through
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magnetostatic fields, neighboring nanomagnets prefer to be in opposite states (antifer-
romagnetic (AF) coupling) so that the magnetization alternates throughout the array.
Majority gates are formed by connecting arrays of short-edge adjacent nanomagnets
to a gate magnet, transverse to the long-edge adjacent array (figure 2.1f). This ex-
poses a problem of in-plane NML: signal transport and magnetostatic coupling behaves
differently in longitudinal and transverse directions, and majority gates require both.

One way to solve these problems is to use nanomagnets with out-of-plane anisotropy,
so that bits are now encoded in two directions of out-of-plane magnetization. The mag-
nets can have a square or circular base so there is no difference between longitudinal
and transverse signal transport. Recently, NML using materials exhibiting perpendic-
ular magnetic anisotropy (PMA), such as Co/Pt multilayers, has been explored [59].
Alternatively, nanomagnets can be tall such that shape anisotropy induces out-of-plane
anisotropy [27].

To fabricate tall nanomagnets, we have used focused electron beam induced de-
position (FEBID). This technique for depositing materials is highly attractive, since it
provides a unique possibility of fabricating three-dimensional nanostructures [31, 30,
92, 52]. It has additional advantages such as flexibility in substrate choice, possibility
of deposition at predefined location, lateral resolution less than few 10s of nanometers,
and in-situ growth monitoring. FEBID is capable of depositing structures exhibiting
ferromagnetism; magnetic structures made using FEBID include extraordinary Hall
sensors [17], planar nanowires [85], and 3-D nanowires of arbitrary shape [34]. The
possibility to precisely control the height of the deposit just by changing the beam pa-
rameter dwell time adds additional advantage to play with the shape anisotropy in the
deposited magnetic structures, such as tuning the coercivity. Combining the material
property with the ease of simply “writing” by means of FEBID has been reported to
be a feasible route towards studying NML [44, 45].

In this chapter we report on the successful fabrication of Co-nanopillars arranged
in an array for NML experiments, showing response to a clocking cycle generated by
current through a nanowire beneath the pillars. In particular, the magnetic nanopillars
exhibit AF coupling which can be tuned by adjusting the aspect ratio and the spacing
between the nanopillars.

3.2 Sample preparation

Cobalt nanopillars samples for the NML experiments were fabricated using a FEI Nova
Nanolab 600i dual beam system equipped with a Schottky emitter gun. We choose
Co because FEBID Co deposits show the highest metallic content among the magnetic
materials. The base pressure of the chamber was always maintained in the 10−7 mbar
range before deposition. Co2(CO)8 was used as a precursor. Before its insertion to the
chamber, the precursor was pre-heated to 26◦C. The deposition was carried out at room
temperature, using an electron beam with a beam energy of 30 kV. The beam current
varied from 20 to 45 pA in order to tune the diameter of the nanopillars. Oxidized Si
wafers, having pre-patterned Au/Ti contacts (fabricated using conventional lithography
techniques), were used as substrate. In samples used for current-driven clocking, two
pre-patterned Au/Ti contacts were connected by an additional Cu wire with cross-
section 2 µm x 250 nm for the application of current. This Cu wire was fabricated
using electron beam lithography and lift-off. Arrays with Co nanopillars of various
aspect ratios and inter-pillar spacings were deposited on the Cu wires, with diameters
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(a)

(b)

Figure 3.1: A (a) SEM and (b) AFM picture of an array of Co nanopillars.

ranging from 70 to 150 nm, heights from 80 to 300 nm, and inter-pillar spacing from
15 to 60 nm. Within an array, the inter-pillar spacing as well as the aspect ratio of each
nanopillar was maintained uniform. Figure 3.1a shows a Scanning Electron Microscope
image of such an array.

The fabricated Co nanopillars were analysed in-situ with an integrated Energy Dis-
persive X-ray analysis (EDXA) detector to determine their elemental composition before
their exposure to air. Atomic probe tomography (APT) was also carried out on a few
samples to determine the spatial atomic arrangement after their exposure to air. The
in-situ EDXA analysis showed that the Co nanopillars consisted of about 90 at% cobalt,
4 at% oxygen, and the rest was carbon. The presence of C and O in the deposits comes
from the undissociated organometallic precursor molecules as well as from the residual
hydrocarbons present in vaccum chamber. The APT results give a purity of 97 at%
cobalt and moreover determine that the outer few nm layer is oxidized but inside less
than 0.1 at% oxygen atoms are present in the nanopillars; the remainder is carbon.

AFM and MFM measurements, as well as clocking experiments were carried out
on a Bruker Dimension Icon machine, outside the dual beam system, using tips coated
with CoCr.
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3.3 Results and discussion

3.3.1 Simulation results

The dimensions of the nanopillars can have an important impact on the success of signal
propagation, just as in in-plane NML [23]. Specifically, the ratio of height to diameter
will need to strike a balance between high enough to be perpendicularly magnetized
with thermal stability but low enough so the clocking field can be small. Moreover, the
aspect ratio will have effects on the coupling between pillars and thus on correct signal
propagation. To transport a bit in a nanopillar NML array, a clocking cycle similar
to that of in-plane NML (figure 2.1) is applied. A field longitudinal or transverse to
the chain axis sets all the pillars’ magnetizations in the hard-axis (neutral) state. As
the field relaxes, the first pillar, biased into a particular state by a bias field, starts to
evolve into that state. Each subsequent pillar evolves according to its neighbor until
the signal reaches the end of the chain.

To gain insight in the optimal geometrical parameters for nanopillar NML, we used
the micromagnetic simulator OOMMF [29] to simulate signal propagation through
clocking cycles in arrays of 5 nanopillars with various pillar heights, diameters, and
spacings. The program numerically solves the Landau-Lifshitz-Gilbert equation, pro-
ducing the time evolution of magnetization, discretized into cells of 5Ö5Ö10 nm3. The
nanopillars were modeled both by an ideal cylinder shape as well as, more true to reality,
a half-ellipsoid. In a single simulation, a clocking field of 400 mT was applied either
transversely or longitudinally to the array for 5 ns. For 15 ns thereafter, the field grad-
ually reduced to zero, while a 10 mT field biased the first nanopillar into the up state.
If the average out-of-plane components of magnetization finish up-down-up-down-up
(AF coupling), the result is considered a success. To obtain statistics, the simulation
was run 10 times for each particular set of parameters. Stochastic variation was in-
troduced by superimposing a field of randomly oriented vectors of constant magnitude
0.2 mT.

For every geometrical configuration with cylindrical nanopillars, the proportion of
simulations that returned the correct magnetic state is listed in table 3.1a (with longi-
tudinal clocking field). The success rates are 10/10 only in a few specific geometries.
The nanopillar parameters are even more critical with transverse clocking field: suc-
cess rates were 10/10 for (diameter [nm], height [nm], space [nm]) = (60, 160, 30),
(60, 140, 40), and (60, 160, 50); 4/10 for (60, 140, 30) and (60, 140, 50); and 0
otherwise. Also, for both clocking directions, success of signal propagation increased
with increasing separation.

It is no surprise that transverse clocking fails more often; longitudinally magnetized
nanopillars reinforce each other’s magnetization while nanopillars that are magnetized
transversely in the same direction oppose each other’s magnetization, so that the reset
state is unstable and the pillars’ magnetization will evolve erratically.

One reason that the success rates with cylindrical nanopillars are rather low is that
the internal magnetization of the nanopillars had a vortex magnetic texture rather than
a single domain. This means that the overall out-of-plane component of magnetization
is rather small, generally less than 25% of uniform magnetization and thus that the
coupling between pillars is not very strong.

With half-ellipsoidal nanopillars, the results were more polarized: for many con-
figurations with aspect ratios (height to diameter) between about 1.5 and 2.7, the
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space diam. height [nm]
80 90 100 120 140 160 200 240

30

60 0.1 0 0.6 0.8 1 1 1 0
80 0 0.6 0.2 0.2 0.2 0.1 0 0
100 0.2 0 0 0.1
120 0 0 0 0

40

60 0 0 0 0.5 1 1 1 0
80 0 0.5 0.6 0.4 0 0.1 0 0.2
100 0.5 0.5 0 0.4
120 0 0 0 0

50

60 0.1 0 0 0.5 0.8 1 1 0
80 0 0.2 0.4 0.2 0.2 0.4 0.5 1
100 0 0.1 0.4 0
120 0 0 0.2 0.2

(a) cylinders

space diam. height [nm]
80 90 100 120 140 160 200 240

30

60 0 1 1 1 1 0 0 0
80 0 0 0 0 0 1 0 0
100 0 0 0 1
120 0 0 0 0

40

60 0 1 1 1 1 1 0 0
80 0 0 0 0 1 1 1 0
100 0 0 0 1
120 0 0 0 0

60

60 0 1 1 1 1 1 0 0
80 0 0 0 0 1 1 1 1
100 0 0 1 1
120 0 0 0 0

(b) half-ellipsoids

Table 3.1: Success rates of simulations of a longitudinally applied clocking
cycle on an array of 5 nanopillars for different pillar shapes, diameters, heights,
and spacing between them.

array always ended in the correct state, while for all others no success occurred (see
table 3.1b). Additionally, increasing the spacing increased the success. However, when
the simulations were done using four nanopillars instead of five, no success was recorded
at all.

From simulations, we conclude that the aspect ratio of the nanopillars is critical to
correct antiferromagnetic coupling during a clocking cycle. We have fabricated NML
arrays using FEBID keeping this in mind, and next we present results of clocking cycles
performed on Co nanopillars.
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Figure 3.2: SEM image of two nanopillar NML arrays on a copper wire.
Current through the horizontal wire provides the Oersted field to perform a
clocking cycle, and Oersted field from the vertical wire can send input to the
first nanopillar in future experiments.

3.3.2 FEBID-grown nanopillars

Magnetic information about the arrays of nanopillars was obtained using magnetic force
microscopy (MFM), using a Bruker Dimension Icon machine. First, the topography
of the nanopillars was traced using a tapping mode AFM. The AFM image shown in
Figure 3.1b shows that very good quality and highly uniform nanopillars have been
fabricated. Due to the nature of AFM, deep trenches between pillars (as seen in the
SEM image, figure 3.1a) are hard to image.

Then the tip passed over the array of nanopillars at a fixed height above the features.
The magnetic field lines from the nanopillars affect the vibration of the magnetically
coated tip in such a way that the phase component of the measurement relates approxi-
mately to d2Hz/dz

2, where z is the out-of-plane direction. In the resulting image, dark
(light) regions indicate magnetization into (out of) the plane. They are accompanied
by a halo of the opposite color (exemplified in figure 3.3a), indicating the flux closure
lines of the out-of-plane magnetized nanopillars.

MFM was used not only to show the magnetic nature of the nanopillars, but also
to observe whether the array responds correctly to a magnetic clocking cycle. In our
experiments, the nanopillar array stands on top of a Cu nanowire, parallel to the chain
axis (see figure 3.2). Current through this nanowire causes an Oersted field that
magnetizes the pillars along their hard axes, transverse to the wire. As the current
is removed, the pillars’ magnetizations relax to one of the two perpendicular-to-plane
directions. In our experiments, the nanopillar arrays undergo clocking cycles using
increasing current, and MFM images taken at each step reveal the resulting magnetic
configuration.
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(a)

(b)

Figure 3.3: MFM images before (a) and after (b) a clocking cycle using a
global field, during which the nanopillars’ magnetization arranges itself in the
favorable antiferromagnetic configuration.

Before applying current, we observed whether an array would respond to a clocking
cycle by a globally applied field. Figure 3.3 shows one result of a clocking cycle using in-
plane field. It manages to change the magnetic state from incorrect to correct. These
pillars had an aspect ratio of 1.8 and a spacing of 43 nm as measured by SEM. Other
devices with lower aspect ratios or higher spacing did change as a result of a clocking
cycle by field, but did not end up in AF alignment. The aspect ratio is consistent with
those in successful simulations, although the simulated arrays preferred further spacing.

Figure 3.4 shows the result of three devices undergoing a clocking cycle using
current through an integrated wire rather than an external magnetic field. They were
initialized using a negative out-of-plane field of −0.2 T (although one nanopillar did
not switch under this field), and subjected to the Oersted field of a 10 mA current
through the Cu wire on which they stand. In all cases, the magnetic configuration
changed, with one device becoming magnetized in the AF configuration.

With the wire running parallel to the chain axis, the nanopillars are reset in the trans-
verse direction, which as previously discussed is less stable than longitudinal clocking;
the simulations attested with low success rates. Lining the NML array up perpendicular
to the wire axis would yield longitudinal clocking and possibly better results. The wire
should be quite a bit wider than the length of the array, oherwise the ends of the array
might feel a large out-of-plane component from the Oersted field.

The experiment differs from simulation in another way, which is the absence of
input bias. In simulations (and experiments in section 2.3), an input signal was given
at one end of the array, whereas in these experiments whichever magnet evolves first
determines the outcome. Future experiments will include a second current-carrying
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before after

a

b

c

Figure 3.4: MFM images of three devices before (left column) and after (right
column) a clocking cycle using current in a wire parallel to the array axis, during
which they alter their magnetic configuration.

wire which can bias the first nanopillar of the array through its Oersted field, as seen
in figure 3.2.

3.4 Conclusions

Arrays of Co nanopillars were fabricated using FEBID. Measurements using EDXA
and APT show that they have high purity, around 97 at%. MFM imaging confirms
ferromagnetic behavior and shows that they are magnetized out-of-plane.

Simulations show that for cylindrical nanopillars, successful signal propagation de-
pends heavily on the nanopillar dimensions and somewhat on the spacing between
them. With half-ellipsoidal nanopillars that more closely approach our structures fab-
ricated by FEBID, we determine that the optimal aspect ratio is between 1.5 and 2.7.
When arrays of nanopillars were fabricated on top of a Cu wire and subjected to a
clocking cycle using external field or the wire’s Oersted field, the nanopillars responded
by correcting their magnetic configuration. In some cases, they correctly attained the
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antiferromagnetic configuration. The results suggest that signal propagation by mag-
netostatic coupling to neighbors occurs but optimization of geometrical parameters is
necessary for reliability.

The flexibility of the FEBID technique lends interesting prospects for NML. Not only
is it suited to create optimized structures, it integrates easily with magneto-electronic
interfaces since the magnetic elements can be grown after the rest of the circuit is
made. Finally, NML designs with FEBID are not limited to nanopillars but can for
example be a hybrid of in-plane and perpendicular elements.
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Chapter 4

Domain Wall Clocking

As a method to bring unidirectionality to clocking of nanomagnetic logic (NML), we
introduce domain wall (DW) clocking. A DW-carrying PMA nanowire runs underneath
the NML array, and as the DW propagates past, it resets each nanomagnet one-by-one
into its neutral state, which then evolves to a final state determined by its predecessor.
This section describes initial simulations investigating the feasibility of the concept,
revealing that the DW’s magnetostatic field possesses enough strength to reset the
nanomagnets. Moreover, we discuss experiments that demonstrate DW clocking in
one- and two-nanomagnet devices.

For the experimental portion of this chapter, See-Hun Yang, Charles Rettner, and Brian Hughes

fabricated the samples.

4.1 Introduction

In nanomagnetic logic (NML), a bit of information is transported down a chain of
nanomagnets (NMs) by the magnetostatic field of each NM biasing the next into a
corresponding state, given that they are initially set in a neutral state along their hard
axis. The common method to accomplish the reset state is to apply a global “clocking”
or “reset” field along the hard axes of the NMs and reduce it to let the magnetizations
of the NM relax into their final state. The difficulty of this approach is that the reset
field is reduced simultaneously for all the NMs, causing some to relax before the signal
arrives. Especially the last magnet in the chain, which has only one neighbor helping
it to stay reset, is susceptible to premature evolution, a primary cause of errors (see
chapter 2). Schemes to solve this problem rely on “pipelining,” [6, 5] where a limited
number of NMs are clocked at a time, and the output from each group serves as input
for the next. The disadvantage is that this requires a separate clock line for each group
of magnets [82], among others [83]. More recently, NML devices with out-of-plane
NMs have been clocked by an oscillatory out-of-plane field, where the field is tailored
precisely such that it will switch a NM only if its predecessor dictates it through its
additional magnetostatic field [32, 13, 64, 18]. This method is sensitive to fabrication
variation and requires artificial nucleation centers to ensure unidirectionality.

For an alternative method to clock NMs, we propose the use of a magnetic domain
wall (DW), the border between uniformly magnetized regions in a magnetic material.
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DW

(a)

DW
(b)

Figure 4.1: Domain wall clocking with a nanowire running (a) alongside or
(b) underneath the NML array. As the domain wall moves along the wire, its
field resets the nanomagnets.

A DW typically measures 10–100 nm along the nanowire axis, and it can be precisely
manipulated so that it becomes a nanoscale entity of its own. Magnetic field and, more
importantly, current can move the DW back and forth along the nanowire with a high
degree of control, which has revolutionary applications in memory [89] and logic [8].

Since a DW generally separates antiparallel magnetizations, flux closure magneto-
static field lines accompany the DW. If a DW moves through a nanowire alongside an
array of NMs, this magnetostatic field can reset them. Specifically, the NMs are reset
one by one, and as the DW passes on to the next NM, the reset NM evolves to a state
determined by its predecessor (see figure 4.1). Directionality is inherent to the method,
so that the problem of NMs leaving the reset state prematurely vanishes.

For in-plane clocking (as presented in chapter 2 and pictured in figure 2.1a), two
geometries to implement DW clocking come to mind. Either the nanowire can run
alongside the NMs or underneath them. A DW-carrying nanowire alongside the NML
array (figure 4.1a) has the advantage of straightforward fabrication: it can be deposited
in the same step as the growth of the NMs (for details see section 2.3.1), thus its
magnetization lies in plane just as the NMs’. One transverse DW would form, and
its magnetostatic field lines emanate into the +x and −x directions at the NM array.
As the DW moves along the nanowire, a NM would feel the −x magnetic field first,
and then the trailing +x field, after which the NM will relax into its final state. The
other geometry has a PMA nanowire running underneath the in-plane nanomagnets
(see figure 4.1b). While fabrication is more difficult, requiring deposition and etching
of multilayers before deposition of the NMs (see section 4.3.1), it has the advantage
that the magnetostatic field within the NMs points solely in the +x direction.

In the rest of this chapter, we briefly discuss the “alongside” scheme before commit-
ting to the “underneath” configuration, showing results of simulations and experiment.
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4.2 Simulations

4.2.1 Nanowire alongside NML array

DW clocking using a nanowire along the NMs has a number of problems, starting
with the limited strength of the field. We calculated the magnetostatic field from
a transverse DW (that was left to relax to its lowest energy internal structure using
OOMMF) for various wire widths and found that it is around 30 mT at the smallest of
separations (10 nm), whereas around 50 mT is required. However, a uniform additional
magnetic field of a couple 10s of mT in the +x direction can be added to the entire
system to help the trailing edge of the domain wall’s field reset the NMs. There is
another issue: the DW’s field in the transverse direction is quite strong—maximally
60 mT for the 300 nm wire—so that the NMs are biased into the +y magnetic state.
This can also be fixed by an external field. Another way to address the issue is to
use two wires on either side of the NMs. This neutralizes the (total) transverse field.
However, because of wire-wire interaction the x-component is also canceled to some
degree. Also, in practice it would be necessary that the domain walls in each wire move
synchronously.

Simulations of DW clocking using an in-plane nanowire alongside the array showed
limited success. With a 300 nm wide nanowire 20 nm away from the array and a
supportive field of 12.5x̂ + 12.5ŷ mT, most NMs are correctly reset and evolve to the
correct final state, except for the last two NMs, having to do with the fact that the
final NM has one neighbor instead of two. In addition, the behavior depends on which
bit is transported because of the remnants of the transverse field.

Despite its drawbacks, this approach has been used to switch two-NM NML arrays
[106]. The applied in-plane field mixes a DW propagation field and a transverse field to
aid the DW’s field. However, in this experiment the DW is only capable of correcting
the most unstable magnet.

4.2.2 Nanowire underneath NML array

For the configuration of a nanowire underneath the NML array, first we used simulations
to determine the feasibility of the concept of DW clocking in this configuration. We
used the OOMMF micromagnetic simulator [29], which divides the system into cells of
usually 5Ö10Ö2.5 nm3 and numerically solves the Landau-Lifshitz-Gilbert (LLG) equa-
tion to obtain, among other quantities, the magnetization profile of the system over
time. Before simulating the system of nanomagnets and the nanowire together, the
simulation grid contained just the nanomagnet array. During a simulation run the mag-
netostatic field from a DW in a PMA nanowire was artificially swept through the array,
mimicking a DW propagating along a nanowire. The field was calculated by a separate
OOMMF simulation where a hard-edge DW relaxes to its energy minimum, and then
the field was extracted. Figure 4.2 shows the result for a DW in a 140Ö10 nm2 cross-
section nanowire, separated by 10 nm from the NMs. Averaged across the dimensions
of one NM, the field is 53 mT, strong enough to reset the nanomagnet.

The field traversed the nanowire array at a speed of 1 bit/ns or 80 m/s. Meanwhile,
the first magnet felt an input field of 10 mT in the transverse direction. With these
parameters, the DW’s magnetostatic field correctly reset 20 nanomagnets in succession,
after which they evolved to the state antiparallel to their predecessor. Notably, the last
nanomagnet behaved correctly as well.
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Figure 4.2: The magnetic field along the chain (averaged over the y dimension,
over which it is practically uniform) above a wire 140Ö10 nm2 cross-section.
The bottom is the field, averaged over a thickness of 20 nm at various distances
from the wire. The field is strong enough to reset the NMs.

These simulations, where the DW field artificially permeates through the NMs at a
constant speed, do not take into account imperfections in the DW, interactions of the
NMs’ evolution with the DW, etc. Also, the PMA material was 10 nm thick, thicker
than typical DW conduit nanowires.

Full simulations including current driven through a nanowire were performed next.
These solve the LLG equation augmented with spin torque transfer terms. The simula-
tions also consider the Oersted field from such a current. This unfortunately unveils a
problem: the Oersted field lies in the transverse direction within the plane of the NML
array, so that the NMs might be biased to evolve into this direction if the Oersted field
exceeds the magnetostatic coupling field from a NM’s predecessor. Additionally, a DW
in a 5 nm-thick wire does not have the strength to reset NMs, so a global helper field
of a couple of 10s of mT along the hard axis is necessary.

The simulations included 10 NMs of dimensions 60Ö90Ö20 nm3. The wire was
5 nm thick and 20–200 nm wide, and it was given material parameters of CoNi mul-
tilayers. It was separated from the NMs by 5 to 12.5 nm. Current densities of 1 to
5Ö108 A/cm2 passed through the wire. To counter the transverse Oersted field from
this current, we included the Oersted field from an imaginary second identical nanowire
running above the NMs with the same current, which cancels the transverse Oersted
field although it doubles the out-of-plane components of the Oersted field.

Choice of parameters turned out to be critical: few parameter sets led to successful
signal propagation through all 10 NMs. For example, in a 150 nm wide wire separated
10 nm from the NMs carrying a current of 1.5–2.3 mA (2.0–3.0Ö108 A/cm2), with
the help of a 30 mT longitudinal field, a DW sequentially reset the NMs. In other
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Figure 4.3: Experimental setup to investigate domain wall clocking.

simulations, the NMs all ended up in the correct configuration but not sequentially,
and in others the first 8 switched correctly and in sequence but the last 2 did not.

Because the choice of parameters is critical already in simulation and the Oersted
field must be countered, our experiments will instead use field as the DW driving agent.

4.3 Experimental results

4.3.1 Device layout

For experiments, we fabricated devices consisting of PMA nanowires with in-plane NML
arrays on top. The PMA film was sputtered onto a Si wafer with a thick oxide layer,
consisting of 7 repeats of 7 Å Ni/1.5 Å Co over a TiAl underlayer and capped by TaN.
Nanowires that are 60–180 nm wide and several µm long were patterned from the
film by subtractive etching. Permalloy nanomagnets, 60×90×10 nm3 and from 1 to 6
in number, were deposited by e-beam evaporation through windows in PMMA resist
created using e-beam lithography, separated from the PMA nanowires by the 5 nm
TaN capping layer. Half of the devices were left without NMs for propagation field
comparison, and some of the 1- and 2-nanomagnet devices have input nanomagnets
that are intended to bias the first nanomagnet after the DW passes.

A ruthenium Hall bar was deposited transversely to the wire, downstream from the
NML array; it will output whether the DW has passed by the nanomagnets. TaAu
contacts were also placed on the wire ends to measure the presence of a DW by
anisotropic magnetoresistance (AMR), with the upstream contact serving doubly as a
DW injection line. Figure 4.3 shows the full setup.

4.3.2 Procedure

The procedure to clock the NML array with a DW begins by resetting the nanowire’s
magnetization in the −z direction using a large negative out-of-plane field. A 10–
20 ns pulse through the DW injection line locally reverses the magnetization within the
nanowire and thus creates two DWs, one of which exits the wire at the upstream end.
An increase in the AMR signal confirms that one DW remains. Then, the DW can be
propagated down the nanowire by current, but in these experiments we have used out-
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Figure 4.4: Fields required to propagate a domain wall past nanomagnets
above PMA nanowires of various widths. The presence of nanomagnets in-
creases the passage field.

of-plane field instead, which avoids the influence of the Oersted field that complicated
correct operation in simulations. A change in the Hall bar signal confirms that the
DW has moved past the NMs, since the magnetization underneath it reverses with the
passage of the DW, and a return of the AMR signal to its pre-DW level indicates that
the DW has exited the wire.

For the various devices supporting NML arrays of different numbers of NMs, we
must determine the field necessary to propagate the DW past the array, the passage
field. For this, the above experiment is done for increasing magnitudes of the applied
field. If the DW succeeds in exiting the wire, the wire becomes magnetized in the
+z direction and the experiment is repeated using the same magnitude of negative
out-of-plane field. If it is pinned, a failure is recorded, and a larger field pushes the
DW through so that the measurement can be repeated with negative out-of-plane field.
The field at which 50% of DWs pass the NML array defines the passage field. This
can be extracted from the pass/fail data by logistic regression.

Passage fields for devices with 0, 1, and 6 nanomagnets are shown in figure 4.4.
The presence of NMs above the nanowire significantly increases the propagation field,
suggesting that the DW interacts with the nanomagnets. It also appears that the input
magnet, off to the side of the nanowire, influences the DW motion. This chapter’s
appendix 4.A discusses the passage field underneath a single NM in more detail and
compares it to simulated and calculated passage fields.

4.3.3 One-nanomagnet devices

Some of the devices with one and two nanomagnets have an input magnet placed
diagonally away from the first magnet, its long axis parallel to the wire and thus
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(a) all devices before (b) DW-clocked device af-
ter

(c) non-DW-clocked de-
vice after

Figure 4.5: Example experimental result on two one-nanomagnet devices.
All devices are set in an incorrect (tail to tail) state (a). A device in which a
domain wall is propagated underneath the nanomagnets switched to the head-
to-tail state (b), and one where no domain wall passes remains in the incorrect
state (c).

perpendicular to the NMs in the array (see figure 4.3). When the first NM is reset by
the DW, it receives a bias from the input magnet to evolve into a final state depending
on the direction of the input magnet’s magnetization. To test whether a DW can
reset a NM, several one-NM devices with input magnets were investigated. Devices
were chosen whose nanowire switching field—the out-of-plane field at which a nanowire
without a DW switches its out-of-plane magnetization—far exceeds the passage field,
so that we can be confident that the DW moves through the nanowire instead of the
entire nanowire switching. The following steps were taken:

1. The nanowire is reset in the −z direction. The device and input nanomagnets
are reset in an incorrect state (see figure 4.5a) by a large in-plane field at 45°,
which magnetizes the input magnet in the −x direction and the nanomagnet in
the −y direction. It will relax to +y under bias from the input magnet if it is
reset by the DW. MFM images are taken to confirm.

2. DWs are repeatedly injected and passed underneath the nanomagnet by a field
greater than the propagation field but less than the switching field.

3. MFM images show the final state of the devices.

In a couple of devices, switching by domain wall clocking was observed. Figure 4.5
shows MFM images before and after the clocking of two exemplary devices, one of
which had a DW passed underneath the nanomagnet (figure 4.5b) and another where
a DW was injected but moved away from the nanomagnet (figure 4.5c). The latter
serves as a control to rule out effects from the applied field and DW injection pulse. The
devices subjected to DW motion ended in the correct state, while the others remained
in the initial incorrect state, suggesting that the DW resets the nanomagnet.

4.3.4 Two-nanomagnet devices

The experiment was then performed on two-NM devices that included an input NM.
The experiment was done with two incorrect preset states: input dot right and both
NMs up, and input dot left and both NMs down (see figure 4.6). In one device, with
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Figure 4.6: Result of a two-nanomagnet NML device clocked by a domain
wall (DW). The device is prepared in two incorrect states. Passing the DW
underneath resets the nanodots’ magnetizations along the hard axis, the input
dot biases the first dot into the correct state, and the first dot biases the second
into the correct end state.

60Ö90Ö10 nm3 nanodots 3 nm away from a nanowire of 7 CoNi layers, 110 nm thick
and 3 µm long, the DW switched the magnetization from the incorrect states into the
correct right-down-up and left-up-down states respectively (figure 4.6). In most other
devices where no DW was passed, the magnetization state remained in the incorrect
configuration.

Unfortunately, in several cases the first NM switched without the action of DW
motion. In rare cases, the second NM switched instead of the first. Possibly this results
from the disadvantage of using field to propagate the DW: the global field affects all
devices, including those without injected DWs. In fact, the DW-free nanowires whose
NMs switched anyway had relatively low switching field; if the nanowire magnetization
inadvertently flipped by nucleation and DW propagation because of the global field,
DW motion may have happened by accident. Alternatively, since the first magnet in
the incorrect state is highly unstable, perhaps not much out-of-plane field is necessary
to induce switching. This is consistent with the absence of undesired switching in
one-NM devices, where the incorrect magnet is not as unstable. One way to reduce
the instability is to use a smaller input NM.

4.3.5 Outlook

We have done experiments on three- and six-NM devices without input nanomagnets,
but with little success. In a few devices, one NM would be found switched. Perhaps,
like the experiments with an in-plane magnetized nanowire next to the NML array
[106], alluded to in section 4.2, the successful clocking has been limited to switching
the most unstable magnet. Contrary to the in-plane experiments however, this is not
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inherent to the PMA DW clocking, so optimizing the parameters can lead to successful
implementation of PMA DW clocking.

Practical applications desire that the DWs be driven by current because of its lower
energy, more local application, and straightforward implementation. Thus, running
experiments using current as the propagating agent makes an obvious next step. The
design must account for the Oersted field, most easily by using materials requiring low
current to propagate DWs.

Finally, questions remain about the practical application of DW clocking in NML
devices. These include how to integrate both a nanowire and a magneto-electrical
interface, and how to extend DW clocking to two-dimensional arrangements of NMs,
such as for a majority gate [57]. In addition, progress in NML has favored using PMA
materials as nanomagnets [18]. Simulations have demonstrated that PMA NMs can
be clocked using an in-plane nanowire [28], but this requires an additional field.

4.4 Conclusion

To address the problem of directionality in global clocking for nanomagnetic logic
(NML), we have investigated clocking using a domain wall (DW) in a PMA nanowire
underneath the array. Simulations show that the magnetostatic field emanating from
a DW is sufficient to reset nanomagnets (NMs) along their hard axis. When this
field is artifically swept through the NML array, the NMs are clocked one-by-one and
choose their state correctly according to the propagating signal. When a DW-carrying
nanowire is included, success occurs in a limited parameter space and is hampered by
the Oersted field.

NML arrays with DW-carrying PMA nanowires have been fabricated, and experi-
ments where the DW is driven by an out-of-plane field have shown limited success for
one- and two-NM devices.

DW clocking is attractive because in theory it provides unidirectionality and can
be much more energy-efficient than any field-based clocking. However, some practical
questions accompany the method, and the parameters need to be tuned to attain
success in longer NML arrays.

Appendix 4.A One-nanomagnet passage field

Using data shown in figure 4.4, we confirmed that the DW interacts with the NMs
because the field at which the DW travels unimpeded through the nanowire, the passage
field, is significantly higher when NMs are present. This section presents a more detailed
quantitative analysis of the passage field underneath one NM.

In one-NM devices of several widths, the passage fields were determined using the
experimental procedure of section 4.3.2. Also, the same procedure was followed in mi-
cromagnetic simulations using OOMMF: a in a DW-carrying nanowire, we determined
the field required to propagate the DW past a NM above the nanowire. The results
are shown in figure 4.7. The passage field peaks around a wire width equal to the
nanomagnet transverse dimension, 90 nm.

In addition, we looked at the direct influence of the NM on the DW motion. To
do this, the energy of the system as the DW moved through the nanowire was ex-
tracted from the simulation. The resulting energy landscape shows an energy barrier
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Figure 4.7: Experimental, simulation, and modeling results for the field re-
quired to propagate a domain wall past one nanomagnet.

underneath the NM for the DW to traverse. An out-of-plane applied field H adds a
potential EZeeman = −2µ0MswtHx to the energy landscape V (x), so the barrier will
vanish when H = max(dV/dx)/2µ0Mswt. The result of this calculation is also shown
in figure 4.7. It follows the same trend as the simulation results, but it overestimates
the passage field because it does not take into account the motion (kinetic energy) of
the DW, nor thermal effects.

There seems to be little agreement of the model and simulation passage fields with
experimental results, but this simply suggests some differences between simulations
and experiment. First, imperfections and thermal effects lead to lower passage fields
in experiment. Second, the experimental results peaking around 110 nm may suggest
that the nanomagnet is (effectively) larger than prescribed.
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Chapter 5

Domain Wall Pinning

We report on a novel approach to establish switchable pinning of magnetic domain walls
in a nanowire with perpendicular magnetic anisotropy by a single in-plane magnetized
single-domain nanomagnet positioned on top of the wire, long axes parallel. We show by
simulation and electrical measurements that the domain wall pinning strength depends
critically on the state of the bistable nanomagnet and can differ by more than 10 mT.
Micromagnetic calculations also show that the difference in pinning strength is caused
by the interaction of the forced Néel wall with the nanomagnet’s magnetostatic field.

We also present a quasi-analytical model of the depinning process in this system
that takes into account the nanomagnet/nanowire interaction, DW internal energy, and
thermal depinning. It reveals that in nanowires wide enough to support a Bloch wall,
a DW moving underneath the nanomagnet rotates adiabatically from a Bloch texture
into one Néel state, turns into the opposite Néel state, and then reverses through these
steps. In nanowires narrow enough to prefer Néel walls, the DW switches abruptly from
one Néel wall chirality to the other and back again. Thus the DW necessarily undergoes
a transition between Néel walls of opposite chirality, but the mechanism depends on its
initial texture. As a consequence, the pinning strength asymmetry is divided into two
regimes, marked by a sharp transition at the nanowire width that separates preference
for Bloch or Néel texture, in both model and experimental results.

Content in this chapter is published as R. A. van Mourik, C. T. Rettner, B. Koopmans, and S. S. P.

Parkin. “Control of domain wall pinning by switchable nanomagnet state”. In: Journal of Applied

Physics 115.17 (2014), p. 17D503; and submitted as R. A. van Mourik, C. T. Rettner, B. Koopmans,

and S. S. P. Parkin. “Domain wall texture dependent depinning mechanism in a perpendicularly

magnetized nanowire/in-plane nanomagnet system”.

5.1 Introduction

Magnetic domain walls (DWs) transcend their definition as the border between mag-
netic domains and become nanoscale objects in their own right with potential appli-
cations ranging from logic [8] to memory [89]. These often involve manipulation of
DWs at precise locations along a nanowire, defined by pinning sites. There, a local
energy minimum traps the DW until a sufficient magnetic field or current “depins” it.
Methods to create pinning sites in nanowires include geometrical alterations [55] or
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modification of local magnetic properties, for example by irradiation [50, 37, 39].
Another approach employs magnetostatic fields from nearby nanomagnets (NMs) in

various arrangements. For in-plane magnetized nanowires, possible geometries include
one or more NMs on one side and perpendicular to the nanowire length [86], one on
either side parallel to the nanowire length [107], or one on either side perpendicular
to the nanowire length [75]; the latter has the additional advantage that the pinning
strength depends on the configurable collective magnetic states of the NMs. But
thanks to their Beyond-Moore appeal, DWs in materials with perpendicular magnetic
anisotropy (PMA) receive more attention because they can be much narrower and thus
make smaller devices possible. Similar to its in-plane counterpart, two PMA NMs on
either side of a PMA nanowire form a configurable pinning site [21], but only one NM
suffices: a single upright nanopillar [41] also pins a DW where the strength depends on
the magnetic state.

Here, we present switchable pinning of a DW in a nanowire with perpendicular
magnetic anisotropy (PMA) by a single NM, whose magnetic state determines the
pinning strength at the site. The nanowire is a Co/Ni multilayer, which exhibits PMA.
A thin rectangularly shaped permalloy NM is deposited above the nanowire, separated
by a thin nonmagnetic layer, with the long axis of the NM oriented parallel to the
nanowire long axis. The NM is sufficiently small that it is uniformly magnetized, and
because of the NM’s shape the magnetization is pointed in one of two directions parallel
to its long edge, i.e., the NM can be set in one of two states. The magnetostatic field
from the NM forms a pinning site for the DW separating out-of-the-plane and into-
the-plane domains along the nanowire.

We show, using simulation as well as electrical measurements, that the out-of-plane
magnetic field required to depin the DW from the pinning site depends on the magnetic
state of the NM. Micromagnetic calculations establish that the fine structure of the DW
is responsible for the dependence of pinning strength on the NM state. Furthermore,
we present a quantitative analysis of the depinning process, taking into account the
NM/DW interaction, the DW’s internal energy, and thermal depinning effects. From
this, we conclude that the depinning process involves the DW switching between Néel
walls of opposite chirality, and different mechanisms direct this switch in narrow and
wide nanowires.

5.2 Simulation

The system in question consists of a PMA nanowire with an in-plane magnetized thin
rectangular nanomagnet (NM) above and parallel to it, as sketched in figure 5.1a. The
NMs’ size dictates that their magnetization is single-domain, and their shape dictates
that the easy axis of magnetization is along their long axis. The NM can be right-
magnetized (→, directed downstream) or left-magnetized (←, upstream). Initially, we
used simulation to confirm the hypothesis that the pinning strength depends on the
NM state. Simulations using OOMMF evaluate the Landau-Lifshitz-Gilbert equation
for a system consisting of a DW-carrying PMA nanowire and an in-plane NM, subject
to an increasing applied field. To calculate the depinning fields for DWs traveling
underneath right- and left-magnetized nanomagnets, the DW started near one end of
the nanowire with the NM near the other end, sitting above the down-magnetized part
of the nanowire as in the figure. Then a perpendicular field increased stepwise. At
a small field, the DW moves towards the pinning site underneath the NM, and at a
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Figure 5.1: (a) Sketch of the system in which a nanomagnet pins a DW
in a PMA nanowire through its magnetostatic field. (b) Scanning electron
microscope image of a nanowire/nanomagnet system and Hall bar, and graphic
of the experimental setup. A domain wall (DW) is injected into the nanowire
(step 1) and moved towards the nanomagnet (step 2), where it is pinned. The
field is increased until the DW is depinned and exits the wire, which is measured
as a change in anisotropic magnetoresistance (AMR) and Hall bar voltage (step
3).

higher field—the depinning field—it depins and exits the nanowire. Confirming the
hypothesis, figure 5.2a shows that the depinning field underneath a right-magnetized
NM can be more than twice as high as underneath a left-magnetized NM.

The reason for this difference between pinning strengths of the two magnetization
states of the NM becomes apparent when the energy landscape that the DW encounters
near the NM is drawn. Using OOMMF, we calculated the energy of the system for each
position of the DW along the wire. The DW was allowed to evolve to its lowest energy
internal magnetic structure at each position, kept in place by a superimposed potential
well by means of a tailored field. We verified that the effect of the potential well on the
DW structure itself amounts to less than 0.1 aJ. Results of the micromagnetic energy
calculations are shown in figure 5.2b for a DW in the vicinity of both right- (bottom
curve) and left-magnetized (top curve) NMs. It reveals that the energy barrier that
a DW encounters at the upstream edge of a left-magnetized NM is lower than the
one encountered by the DW at the downstream edge of a right-magnetized NM. Since
the depinning field is approximately proportional to the maximum slope of the energy
landscape, indicated by solid circles in figure 5.2b, the right-magnetized NM should
have a higher depinning field than a left-magnetized one.
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Figure 5.2: (a) Difference between depinning fields underneath right- and left-
magnetized nanomagnets, in simulation. The inset shows the depinning fields
themselves. (b) Energy landscapes calculated by letting a left-pointing Néel
wall relax underneath a right-magnetized nanomagnet. The dashed lines would
be the energy landscapes in the case of a zero-width domain wall. The markers
indicate maximum slope, approximately proportional to the depinning field.

It may be counterintuitive that there should be a difference in energy barrier height
between the right- and left-magnetized states. Indeed, if the nanomagnet’s magne-
tostatic field were simply reversed (or equivalently, the magnetization in the nanowire
switched), the energy would simply be negated and the energy landscape would be
perfectly antisymmetric for the two states. However, the fine structure of the DW in-
troduces asymmetry in the energy landscape. Given an up-down DW as in the graphics
in figure 5.2b, the magnetostatic field at the head and tail of a right-magnetized nano-
magnet (bottom graphic) aligns with the nanowire’s magnetization, resulting in low
energy, but anti-aligns when the nanomagnet is left-magnetized (top graphic), result-
ing in high energy. Thus the DW polarity provides an antisymmetric component to the
energy landscape. The DW chirality, on the other hand, has the freedom to align itself
to the in-plane component of the nanomagnet’s magnetostatic field, so it assumes a
Néel wall pointed opposite to the nanomagnet state, regardless of the DW’s chirality at
the time of injection. Simulations demonstrate that fields less than 10 mT can change
a Néel wall’s chirality, while the magnetostatic field underneath the nanomagnet is
on the order of 70 mT. The resulting configuration has low energy irrespective of the
nanomagnet state, forming a symmetric reduction to the energy landscape. Together,
this makes the energy well deeper than the energy hill and thus the depinning field of
the right-magnetized case higher than the left-magnetized case.

5.3 Analytical model

Simulation results demonstrate that the strength with which the NM pins a DW in the
nanowire underneath it depends critically on this magnetization direction and pose a
qualitative explanation for the phenomenon. For a more complete understanding, here
we derive the energy landscapes felt by DWs in the presence of left- or right-magnetized
NMs quasi-analytically and extract the depinning fields from them.

At a given DW position x along the nanowire long axis, the system energy V (x)
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is the local energy minimum found by allowing the DW to adapt its internal structure.
We model the DW by the one-dimensional magnetization profile

m(x) =

 sech (x/∆) cosφ
sech (x/∆) sinφ
± tanh (x/∆)

 , (5.1)

where ∆ is the DW width and φ is the in-plane angle that the DW’s magnetization
makes with the x-axis (φ = ±π/2 correspond to Bloch walls, and φ = 0 and φ = π
represent Néel walls pointed along the +x and −x directions respectively.) The sign
of tanh selects an up-down (ud) or down-up (du) DW. The parameters ∆ and φ vary
freely to minimize the system energy, which consists of the DW/NM interaction and
the DW internal energy.

The energy that results from interaction of the NM with the nanowire is calculated
as a 1D convolution of the nanowire magnetization Msm(x), where Ms is the nanowire
saturation magnetization, and the magnetostatic field from the NM HNM (x) (averaged
over the width w and thickness t of the nanowire), making use of a formula for the
magnetostatic interaction between two rectangular prisms [72]. This then must be
multiplied by 2 to reflect the fact that the nanowire’s magnetization induces an equal
energy in the NM. However, the NM’s magnetization is assumed unaffected. This
term in the energy calculation includes the right or left magnetization state of the NM,
although in practice we flip the sign of the DW between ud and du. Assuming no
Dzyaloshinskii-Moriya interaction [48], the states (ud,→) and (du,←) are equivalent
and thus produce the same energy landscape, and (ud,←) and (du,→) likewise.

The DW internal energy consists of exchange, anisotropy, and self-magnetostatic
energies, of which the former two are easily obtained: Eexch = 2wtA/∆ and Eanis =
2wtK∆, where A is the exchange stiffness and K the anisotropy constant. The self-
magnetostatic energy is numerically evaluated in a manner similar to the DW/NM
interaction energy.

Figure 5.3 shows the energy lanscapes calculated by this model as well as the in-
plane angle of the DW at each step (DW width is not shown, but it varies between 10
and 14 nm). To more deeply understand the origin of asymmetry we first follow the
DW in-plane angle for a wide (140 nm) nanowire (bottom of figure 5.3, dashed lines).
Far away from the the NM, the DW has a Bloch form. As the DW approaches the NM,
the DW gradually turns its magnetization to align to the field lines emanating from the
NM until it fully converts to a Néel wall texture parallel to the NM magnetization. As
the DW passes the upstream end of the NM, it sees the field lines reverse gradually and
follows them into a Néel configuration antiparallel to the NM magnetization. After
passing the downstream end of the NM, the same energy minimization causes the DW
magnetization to reverse through the process, aligning parallel to the NM and finally
back into a Bloch wall.

The resulting set of energy landscapes, drawn in the top of figure 5.3 (dashed lines),
corroborates the previously stated explanation that the DW’s freedom to follow the
NM field lines reduces both energy landscapes that would otherwise be antisymmetric.
Since the pinning strength is approximately proportional to the maximum slope (black
markers in the figure), the process explains the difference in pinning strength of right-
and left-magnetized NMs.

Another feature of the process becomes apparent when we follow the DW in-plane
angle evolution for narrow wires, where the DW already prefers a Néel configuration.
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Figure 5.3: The energy of the nanowire/nanomagnet system as a function of
the domain wall (DW) position along the nanowire (top) is calculated as the
minimum energy with respect to the DW in-plane angle (bottom) and DW width
(not shown). The highlighted area represents the extent of the nanomagnet.
The in-plane angle plot reveals that the DW undergoes a transition between Néel
walls of opposite chirality and that the mechanism differs for narrow and wide
nanowires. The freedom to follow nanomagnet field lines causes asymmetry in
the energy landscapes and in the depinning fields (approximately proportional
to the maximum slopes, at the black markers).

When it approaches the NM, either it already aligns to the NM field lines, or it flips
around to do so. As it passes the upstream end of the NM, it switches to align to
the reversed field lines, and switches back as it passes the downstream end. Two
aspects are noteworthy: the DW switches abruptly from one Néel state to the other,
and both switches occur several nm past the reversal of field lines at the NM edges.
Because the lowest energy state is always one of the two Néel states, the DW assumes
no in-between states. But it cannot switch unless the Bloch barrier vanishes, which is
why it remains in the unfavorable Néel state a few nm more at both ends of the NM.
As a consequence, the energy landscapes (top of figure 5.3, solid lines), can contain
discontinuities at one end of the well/hill.

Thus, the depinning process necessarily involves a +Néel/–Néel switch, but the
mechanism is quite different in wide and narrow nanowires. In the model results, the
mechanism changes from abrupt to gradual around a 80 nm nanowire width, close to
the nanowire width that separates Bloch wall and Néel wall preference far away from
the NM, 75 nm, as calculated by minimizing DW internal energy alone.

Next we extract the depinning field from the energy landscape V (x). An out-of-
plane external field H applied to the system adds a potential EZeeman = −2µ0MswtHx
to the energy landscape, which reduces the energy barrier that pins the DW until it
vanishes at H = max(dV/dx)/2µ0Mswt, suggesting a derivation of the depinning field
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5.4. Experiment

Hdep. However, this is only true at zero temperature; at finite temperatures thermal
energy helps the DW overcome the energy barrier.

To take into account thermal depinning, we define U as the barrier height that can
be overcome by the DW’s thermal energy in the experimental time step. U can be esti-
mated by using the Arrhenius-Néel expression for DW escape [10], but since estimates
of τ0 vary by decades [86], U is instead taken as an a priori unknown parameter. The
DW thus depins when the field tilts the energy landscape such that the energy barrier
is reduced to U . Calculation involves solving the following simultaneous equations for
Hdep:

V (x2)− V (x1)− 2µ0MswtHdep(x2 − x1) = U (5.2)

V ′(x1) = V ′(x2) = 2µ0MswtHdep, (5.3)

where x1 and x2 are supporting unknowns that represent the positions of the local
minimum and maximum of the tilted energy landscape—the longitudinal extent of the
energy barrier.

Finally the important quantity, the depinning field difference, is defined as:

∆Hdep = Hdep(ud,→)−Hdep(ud,←) (5.4)

= Hdep(ud,→)− |Hdep(du,→)| ,

where the analyses for the two magnetization directions only differ in the sign of tanh
in equation 5.1, according to the previously discussed equivalence between NM mag-
netization and DW sign.

The dashed lines in figure 5.4b are the results of depinning field difference calcu-
lations for nanowires of various widths, for two different values of U . For large U
(25kBT curve in the figure, where T = 300 K), the model predicts that the depinning
field under a right-magnetized NM exceeds that of a left-magnetized NM for all wire
widths, with differences of more than 10 mT for wires wider than about 45 nm. For
small U (1kBT curve in the figure), the depinning field difference vanishes and even
changes sign for narrow wire widths even though the Néel chirality alignment intro-
duces asymmetry just as in wide nanowires. However, as previously described, with an
abrupt transition between Néel wall chiralities, the DW is not allowed to switch until
the Bloch barrier vanishes, which means the DW stays in the unfavorable Néel wall
chirality several nanometers more. The upstream pinning site endures a more serious
steepening of the energy landscape so that its depinning field becomes comparable to
or greater than the downstream pinning site’s.

5.4 Experiment

Devices, as depicted in figure 5.1b, were fabricated as follows. First a film exhibit-
ing perpendicular magnetic anisotropy (PMA) was deposited on a Si wafer covered
with a thick SiOx layer, consisting of a TiAl underlayer, 3 Å Co, and five repeats of
1.5 Å Co/7 Å Ni bilayers. The film was patterned into nanowires 60–160 nm wide and
several µm long by electron beam lithography and successive ion milling. A permalloy
nanomagnet measuring 70Ö110 nm2 (as measured by scanning electron microscopy)
and 10 nm thick was deposited on top of each nanowire, separated by a 5 nm TaN
layer, by electron beam evaporation through holes patterned by electron beam lithog-
raphy using PMMA resist. Its long axis is parallel to the wire axis. A TaAu contact was
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Figure 5.4: (a) Change in nanowire resistance due to anisotropic magne-
toresistance (AMR), and Hall bar resistance as an out-of-plane field moves the
up-down DW through the nanowire, underneath a nanomagnet that is magne-
tized in the downstream (right) or upstream (left) direction. The decrease in
resistance signals the depinning of the DW from the nanomagnet site; the field
at which this occurs differs by more than 10 mT for the two states. (b) Pinning
strength asymmetry versus nanowire width, quantified by the difference in de-
pinning fields underneath right- and left-magnetized nanomagnet. Two regimes
in the data marked by a sharp transition at 75 nm (vertical dashed line) are
described by results of the analytical model for two values of the surmountable
energy barrier U (dashed lines).

placed at the downstream end of the wire, and at the upstream end a TaAu bar crosses
the nanowire, serving a dual purpose as a contact for the anisotropic magnetoresistance
(AMR) measurement and a DW injection line. A Ru bar crosses the wire (Hall bar)
downstream of the nanomagnet and exploits the anomalous Hall effect to reveal the
local wire magnetization state.

The NMs in all of the devices are set in a particular state (right or left) by applying
a global field of 100 mT along the NM axis in the desired direction. A single pinning
strength measurement in any particular device comprises several steps. First, a pulse
applied through the DW injection line (step 1) locally switches the magnetization in the
PMA nanowire in the region where the Oersted field opposes the wire magnetization,
creating a reversed domain and two DWs. One DW exits the wire at the upstream
end. The other DW, separating an out-of-the-plane (up) from an into-the-plane region
(down), will have one of two polarities, up-down (ud) or down-up (du) (upstream-
downstream side), depending on the inital magnetization of the nanowire. Successful
nucleation of a DW is revealed by a small increase in the nanowire resistance due
to AMR. Next, an out-of-plane (oop) global field is applied and gradually increased
(step 2), during which the DW leaves its starting location and becomes pinned at the
nanomagnet site (experiments with a Hall bar upstream of the NM show that this
occurs between 3 and 10 mT). Further increase of the field depins the DW from the
nanomagnet site, after which the DW exits the wire. The latter is registered by the
disappearance of the increase in the AMR signal as well as a change in the Hall bar
resistance just downstream from the nanomagnet (step 3) because the local nanowire
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magnetization is changed by the passing DW. Since the nanowire is now up-magnetized,
the measurement is repeated with a du DW using a negative out-of-plane field, and
this sequence is repeated many times. The measurements are repeated with a left-
magnetized NM, ultimately producing statistics on depinning fields for all four states:
(ud,→), (ud,←), (du,→), and (du,←). Then, Hdep(ud,→) and |Hdep(du,←)| (sim-
ilarly Hdep(ud,←) and |Hdep(du,→)|) are aggregated by virtue of their equivalence,

and finally the difference between them, ∆Hdep = Hdep(ud,→du,←) − Hdep(ud,←du,→), is the
metric of pinning strength asymmetry, just as in the model (equation 5.4).

The experimental procedure has been applied to a large number of devices; a typ-
ical result for a nanowire of width 110 nm is shown in figure 5.4a for both right- and
left-magnetized states of the nanomagnet. After a DW is injected, the nanowire resis-
tance due to AMR rises by ∼ 0.2 Ω. At ∼ 5 mT, the DW moves to the pinning site
underneath the nanomagnet. Evidence hereof is a decrease of ∼ 0.05 Ω in the AMR
signal attributable to a change in the internal structure of the DW by the nanomagnet’s
magnetostatic field. At ∼ 10 mT (right-magnetized) and ∼ 21 mT (left-magnetized),
the DW is depinned and passes underneath the Hall bar, reversing the local magneti-
zation of the nanowire, which is registered by a change in resistance measured in the
Hall bar by ∼ 0.07 Ω. Immediately thereafter the DW exits the wire, which returns
the resistance due to AMR to its pre-injection level. The figure shows clearly that the
difference in depinning field for the two NM states is more than 10 mT in this particular
device.

For this device, the right-magnetized and left-magnetized depinning fields are 10.2 mT
and 20.8 mT respectively. The measurement is also performed for a DW of the op-
posite polarity, where the depinning fields for this device are found to be −24.6 mT
and −9.2 mT respectively, in reasonable agreement with the predicted aforementioned
symmetry. The discrepancy may arise from incomplete magnetization reversal of the
nanomagnet due to, for example, stress-induced anisotropies along its edges. Depinning
field differences are observed in (almost) all of the properly functioning devices.

The results of measurements on nanowires of various widths are presented in fig-
ure 5.4b. Data points represent ∆Hdep versus nanowire width, the latter measured
by SEM micrographs. The figure shows a relatively constant pinning asymmetry for
nanowires wider than about 75 nm. Strikingly, the asymmetry vanishes and even re-
verses sign for narrow nanowires, with a remarkably abrupt transition.

5.5 Discussion

All of the behaviors present in figure 5.4b are seen in the model results in the same
figure: the 25kBT curve matches the data trend for wires wider than 75 nm and the
1kBT curve qualitatively captures the data’s features for narrow wires. This is con-
sistent with the notion of two switching mechanisms—also seeing a transition around
this width in the model—because the two regimes aren’t necessarily described by the
same value of U . In narrow wires, the available thermal energy is used to traverse both
the energy landscape barrier (effective U) and Bloch barrier (not included in energy
landscape) so the effective U can be significantly lower than in wide wires. Thus, both
model and experiment show that nanowire width divides the pinning strength asymme-
try phenomenon into two regimes, distinguished by two different depinning mechanisms
that inevitably involve the DW switching between Néel wall chiralities.
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Figure 5.5: (top right inset) The decrease in mean depinning field as a result
of increasing the time at each step demonstrates thermal depinning. From the
depinning field distribution (bottom left inset) the energy barrier as function of
applied field is derived, using 0.3 ns for τ0. The line fits the curves universally
within 2 mT of the mean depinning field.

The simulation results (figure 5.2a) present no evidence of vanishing pinning strength
asymmetry or multiple regimes. The simulations, however, bore some important con-
trasts with the model. Foremost, the simulation was 2-D and the model 1-D; the DW
could skew in simulation. Also, the DW affected the NM’s magnetization in simula-
tion, but it was assumed unaffected in the model. Finally, the simulation contained no
thermal effects. Of course, the DW skew and non-fixed NM magnetization are factors
in the physical devices as well, but just as the simulation overestimates the DW/NW
interaction as evidenced by a vastly different magnitude of depinning fields, it likely
exaggerates the associated effects of DW skew or effect on NM magnetization.

Finally, in order to confirm the thermal nature of the depinning process, we measured
the mean depinning field in one particular nanowire using different field step times.
The top right inset of figure 5.5 shows that increasing the time spent at each field step
lowers the mean depinning field, meaning that the probability of depinning at each
step increases. Moreover, from the cumulative probability of depinning (lower left inset
of figure 5.5) we can derive an estimate of the pinning site’s energy barrier subjected
to an applied field (E(H)) and subsequently an estimate for U (see this chapter’s
appendix 5.A). Figure 5.5 shows a universal linear relationship at fields within 2 mT
of the (mean) depinning field. When evaluated at the measured depinning fields and
taking τ0 generously between 10−11 and 10−8 s [78], we find U = (23 ± 4)kBT for
τ = 500 ms, the time step used in the experiments. This value compares well with the
model’s value that fits the data for adiabatic depinning and lies within estimates found
in literature [86] (albeit on the high side).
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5.6 Conclusion

A single in-plane magnetized nanomagnet deposited on top of and parallel to a PMA
nanowire constitutes a DW pinning site where the pinning strength depends on the
nanomagnet state. The asymmetry comes from the interaction of the DW fine structure
with the nanomagnet’s magnetostatic field, which forces the DW to assume a Néel
wall magnetized oppositely to the nanomagnet. An analytical model, which takes into
account the DW-nanomagnet interaction, the internal energy of a DW with variable
width and chirality, and thermal depinning, quantitatively describes this phenomenon
in nanowires of various widths. It finds that the mechanism of the switch between Néel
chiralities defines two regimes, confirmed by a transition in the experimental data.

The application potential of the pinning strength asymmetry phenomenon is twofold;
both stem from propagating the DW using a field between the depinning fields of the
right- and left-magnetized nanomagnet states: a “probe field.” At such a field, success
or failure of propagation past the nanomagnet is a binary consequence of nanomagnet
state. For logic applications, the nanomagnet can be set deliberately to switch the
pinning site on or off. For memory applications, the nanomagnet state can be read out
by observing success or failure of propagation. For example, it can serve as magnetic-
electronic interface in in-plane nanomagnetic logic (NML) [57] by running a nanowire
below the final nanomagnet in the array. As a final note, propagating the DW with
current instead of field likely exhibits the same phenomenon and aligns better with
practical application, but its verification demands further work.

Appendix 5.A Derivation of depinning energy barrier

The field that depins a magnetic domain wall (DW) from a pinning site in a nanowire
depends not only on the pinning strength of the site but includes a stochastic compo-
nent due to thermal effects. A field H tilts the energy landscape such that an energy
barrier E(H) remains for the DW to traverse. The Arrhenius-Néel expression gives the
probability that it succeeds [10]:

λ(H) =
τ

τ0
exp
−E(H)

kBT
(5.5)

where λ(H) is the expected number of escape events over an energy barrier E(H) in
time τ given an applied field H, and τ0 is a characteristic attempt time.

In other words, the number of escape attempts is Poisson-distributed with mean
λ(H), so the probability of not depinning is e−λ(H). As the field increases stepwise
in the experiment, the probability of still being pinned at the nth field is given by the
probability that the DW failed to depin at all lower fields:

P (pinned at Hn) =
n−1∏
i=1

exp(−λ(Hi)). (5.6)

P (pinned at Hn) equals 1 − P (depinned before Hn), which we obtain from the
empirical cumulative density function of many measurements of the depinning field.
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Substituting this and taking the log of both sides leads to an expression for λ(H):

log (1− cdfH(Hn)) =
n−1∑
i=1

−λ(Hi) (5.7)

λ(Hn) = log(1− cdfH(Hn))− log(1− cdfH(Hn+1)). (5.8)

Solving equation 5.5 for E(H) and substituting equation 5.8 yields an empirical
measurement of the energy barrier that remains at field H. Finally, substituting U , the
energy barrier that can be overcome, for E(H) and the calculated value of λ at the
measured depinning field Hdep for H in equation 5.5, we arrive at

U

kBT
= log

τ

τ0
− log λ(Hdep) (5.9)

for the empirical estimate of U .
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Chapter 6

In-line Spin-Torque
Nano-Oscillator

We propose a novel scheme for an in-line spin-torque nano-oscillator (iSTNO) com-
posed of a single nanowire. The oscillating elements are in-plane magnetized regions
of an otherwise out-of-plane magnetized nanowire, which support a spin-wave mode.
Analytical exploration reveals that the non-adiabatic spin-transfer torque can cancel out
the damping and thus induce sustained precession in response to a direct current and
predicts that the frequency scales linearly with current and the wavevector depends only
on geometry. Simulations with single iSTNO cells confirm that oscillations occur, and
simulations with two iSTNO cells show that they frequency-lock to each other roughly
in antiphase, even with mismatches in geometry. Measurements on fabricated iSTNO
devices give evidence of correct operation. iSTNO devices can be easily fabricated
by irradiating regions of a PMA nanowire with ions, do not require an external field,
inherently support multiple iSTNOs, and thus form an attractive alternative STNO.

The analytical and simulation portions of this chapter form the journal article submitted as R. A. van

Mourik, T. Phung, B. Koopmans, and S. S. P. Parkin. “Coupled Spin-Torque Nano-Oscillators in a

Single Nanowire”.

6.1 Introduction

One of the envisioned applications accompanying the discovery of spin-transfer torque
(STT) [99] was sustained precession of a magnetic layer induced by spin-polarized di-
rect current; the prediction has resulted in the emergence of the field of spin-torque
nano-oscillators (STNOs) as an active area of spintronics research, with applications
in communications, for example. Typically, STNOs comprise two magnetic layers sepa-
rated by a non-magnetic layer. Electrons in a direct current between the layers become
spin-polarized by the magnetic layer that has fixed magnetization, and they deposit
their spin angular momentum in the other magnetic layer, exerting a torque on its free
magnetization. Given large enough current, the STT can offset the inherent damping
of the free layer moment’s precession around an applied magnetic field and thus induce
sustained oscillation. Because of giant or tunnel magnetoresistance exhibited by the
multilayer, the oscillation of the free layer moment relative to the fixed layer moment
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translates into an oscillating voltage that typically lies in the microwave (GHz) range.

STNOs have potential to replace CMOS-based oscillators in communication appli-
cations for reasons including their small size and ready tunability by current and applied
magnetic field. However, obstacles to their application include their low output power
as well as their need for a large applied magnetic field. Some alternative geometries [36]
address the latter but carry fabrication challenges. Methods to increase STNO power
output include higher magnetoresistance and larger precession angle within magnetic
tunnel junction (MTJ) or nano-contact (NC) STNOs, or by turning to vortex (V)
STNOs, but practical devices will nevertheless likely require synchronization of multi-
ple STNOs to achieve useful power outputs. To date only three NC-STNOs [49, 96]
and four V-STNOs [95] have been shown to oscillate coherently.

We present an alternative geometry of STNOs: the in-line STNO (iSTNO), where
in-plane regions (cells) of an otherwise out-of-plane magnetized nanowire oscillate in
response to a direct current. The device does not need an external magnetic field, ex-
tension to multiple coupled cells is built-in, and fabrication is simpler than conventional
STNOs. In this chapter, we introduce the concept of the iSTNO, present an analytical
model to explain its operation and make predictions, show simulation results of one-
and two-cell devices, and present experimental results on fabricated iSTNOs.

6.2 Concept

The geometry of a single iSTNO starts with a magnetic nanowire with a thin rectangular
cross section (see figure 6.1a). It should have perpendicular magnetic anisotropy (PMA)
so that the magnetization points out-of-plane (oop), except for a small region—a
short longitudinal stretch of nanowire—without PMA. This “cell” constitutes the active
iSTNO region. Here competition between in-plane shape anisotropy and exchange
energy leaves the magnetization canted between in-plane and out-of-plane directions.
Simply sourcing a current through the nanowire introduces the necessary STT inside
the cell. This excites a spin wave traveling along the nanowire length, made up of spins
precessing around the out-of-plane direction. Since the wavelength typically exceeds the
cell length, the average magnetization throughout the cell precesses with considerable
amplitude, forming a magnetic oscillator.

The nanowire naturally supports multiple STNOs by having several no-PMA regions
along the nanowire, separated by a short stretch of oop nanowire (see figure 6.1c).
Moreover, the cells automatically couple to their neighbors through a combination of
spin-wave and magnetostatic interactions; this means that they phase-lock, forming a
synchronized array of STNOs, which generally leads to amplified signal and reduced
linewidth [61, 74].

Notably, the iSTNO does not require an external magnetic field because the cells’
magnetization precesses around a built-in field: magnetostatic fields from the oop
regions accumulate to a field across each cell that is anti-parallel to the oop magneti-
zation.

To implement the scheme in practice, one would pattern nanowires from a PMA
material such as Co/Ni bilayers [47] that are a few nm thick and a few 10s of nm wide.
Regions of the nanowire, a few 10s of nm long, can be stripped of their PMA using
ion irradiation, either by a focused ion beam [53] or by irradiating through patterned
resist [24]; the correct dose of ion irradiation destroys most of the magnetocrystalline
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Figure 6.1: (a) Schematic of the in-line spin-torque nano-oscillator (iSTNO).
A region without PMA of an otherwise PMA nanowire precesses in response to
direct current, around magnetostatic field lines from the out-of-plane regions.
A spectrum analyzer measures the oscillation through a bias tee. (b) Geometry
of the analytical model. Only the in-plane region is considered, and a 1-D
spin wave is taken as ansatz. (c) Snapshots of a half-period of oscillation of
two iSTNOs. The PMA nanowire (here with cross section 60 × 1 nm2) has
regions (here 40 nm long, dotted lines) without out-of-plane anisotropy. Color
denotes the transverse component of magnetization, and the line in the fourth
image depicts the z-component of (unit) magnetization averaged across the
cross section. Note that the cells are synchronized nearly in antiphase.
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anisotropy while leaving most of the magnetization intact. The method extends trivially
to multiple STNOs. Contacts on either end of the nanowire establish the current source.

The contacts doubly serve as output: through the anisotropic magnetoresistance
(AMR) effect, the resistance across the cell oscillates (at double the STNO frequency
since the resistance change δρ ∝ m2

x ∝ cos2(ωt)), which with a constant current
translates into an oscillating voltage that can be separated from the source current
through a bias tee.

6.3 Analytical Model

To explain the oscillation in the iSTNO geometry and to understand how to tune the
oscillation frequency, we start with a model that reduces the system to just the iSTNO
cell: a single thin rectangular prism without oop anisotropy (see figure 6.1b). That
is, the oop regions no longer adjoin the STNO cell, so there is no 90° domain wall,
and thus the perpendicular magnetization component mz is uniform across the cell.
The oop region’s role as source of magnetostatic field is represented in the model by a
uniform perpendicular field Hoopẑ.

The other starting point is the LLG equation with STT terms, for one-dimensional
unit magnetization m (x, t) and current in the x-direction:

dm

dt
= − |γ|m×Heff + αm× dm

dt
− udm

dx
+ βum× dm

dx
, (6.1)

with γ the gyromagnetic ratio, α the Gilbert damping constant, u the adiabatic STT
magnitude, and β the nonadiabatic STT term. Furthermore, u relates directly to
current density j by

u =
gµBP

2 |e|Ms
j, (6.2)

with g the Lande factor, µB the Bohr magneton, P the electron polarization, e the
electron charge, and Ms the saturation magnetization. Heff represents the afore-
mentioned (constant) magnetostatic field from the oop regions and also includes an
effective field due to exchange interactions and self-magnetostatic field Hsm (x, t):

Heff = Hoop + Hexch + Hsm

= Hoopẑ +
2A

µ0M2
s

d2m

dx2
+ Hsm, (6.3)

where A is the exchange stiffness, and Hsm is further discussed below.
As ansatz for m, we take the profile of a one-dimensional spin wave traveling in the

wire direction x̂, its spins precessing with amplitude ρ around the out-of-plane direction
ẑ:

m (x, t) =

 ρ cos (kx− ωt)
ρ sin (kx− ωt)√

1− ρ2

 (6.4)

After m (equation 6.4) is substituted into the LLG equation (equation 6.1), analysis
of the resulting terms on the right side of the equation reveals the presence of all
ingredients of an auto-oscillator [98], namely (1) an effective field around which to
precess, (2) natural damping, and most distinctively, (3) opposition to this damping,
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or anti-damping. The field from the oop regions, adiabatic STT term, and exchange
all produce terms parallel to dm/dt, (the direction of precession) resembling an oop
field around which the magnetization can revolve (1), and the usual damping term
αm × dm/dt (2) tends to reduce that precession in favor of alignment with Heff .
Crucially, the non-adiabatic term, βum × dm/dx, evaluates to a vector anti-parallel
to the damping (3), away from Heff ; with large enough current, this term offsets the
natural damping, and the system undergoes sustained oscillation.

The self-magnetostatic field Hsm (equation 6.3) helps determine the frequency,
critical current, and amplitude, but as usual, it eludes a simple form and necessitates
approximation and numerical evaluation. Its contribution can be approximated as

Hsm = −Ms

 Nx (k)
Ny (k)
Nz

 ◦m, (6.5)

where ◦ denotes elementwise multiplication. For k = 0, this expression reproduces the
average self-magnetostatic field of a uniformly magnetized rectangular prism [3]. For
k > 0, the in-plane components of the self-magnetostatic field, Hsm,x and Hsm,y,
are themselves traveling waves with amplitude approximately proportional to the mag-
netization by wavevector-dependent factors Nx(k) and Ny(k), while Hsm,z remains
uniform and independent of wavevector. The functions Nx(k) and Ny(k) are ob-
tained numerically; they range from the factors for uniform magnetization at k = 0 to
Nx(k) = 1 and Ny(k) = 0 as k →∞.

The expression for Hsm (equation 6.5) completes the substitutions to the LLG
equation (equation 6.1). After simplifying, it leaves three linear relations (one for each
component) with cos(kx−ωt), sin(kx−ωt), and sin(2(kx−ωt)) terms. To make the
equation valid for all t, the coefficients of these terms are set to zero, and we find that
the following relations must hold:

Nx (k) = Ny (k) (6.6)

ω =
β

α
ku (6.7)

The first determines the wavenumber k and states that it depends only on the geometry
of the cell. The second expresses the dispersion relation of the system and reveals that
current linearly tunes the frequency.

6.4 Simulation

We used the OOMMF micromagnetic simulator [29] to confirm that iSTNO cells oscil-
late and to determine the effect on frequency and critical current of various parameters,
such as cell dimensions, α, and β. For simulations of nanowires with single cells, cell
length varied from 20 to 60 nm, wire width 20–60 nm, wire thickness 1–5 nm, α
spanned 0.01–0.05, and β spanned 0–0.04. The magnetocrystalline anisotropy transi-
tioned abruptly from 3.5× 105 J/m3 in the oop regions to 0 in the cells. In addition,
the simulations included a small field consisting of randomly oriented vectors of mag-
nitude usually 0.1 mT at each point in the mesh throughout the nanowire to break
symmetry and represent inhomogeneities, and their magnitude also varied by a decade
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each direction to evaluate their influence on performance. The current applied to the
wire increased stepwise.

Simulations successfully demonstrate the anticipated behavior of the iSTNO cell:
above a critical current, an approximately one-dimensional spin-wave appears in each
cell; figure 6.1c shows snapshots of a simulation with three cells during their oscillation.
The magnetization profile matches equation 6.4 with only the substitution ρ → ρ(x);
the line in the fourth image of figure 6.1c shows that mz deviates from uniformity.

Figure 6.2 shows a typical power spectrum of a simulation of a nanowire with
a single cell, where the current density increases from j = 1 to 25 × 1012 A/m2.
Two spectra at each current correspond to the average mx and my averaged over
the cell; note that they coincide for currents where oscillation occurs. For the shown
configuration, a cell of dimensions 40 × 60 × 1 nm3 with α = 0.04 and β = 0.04, we
find that frequency increases nearly linearly with current, and this is true for almost
all simulations where oscillations occur, some of which are detailed in the inset of
figure 6.2. Simulations where β = 0 did not oscillate, as prohibited by the analytical
model. The critical current does not depend on various parameters in a simple way,
although the lowest currents—down to 4×1012 A/m2—are found in simulations where
β = 0.04 and α = 0.01.

The second claim—of automatic coupling and synchronization of multiple iSTNO
cells on one nanowire—also comes under test through simulation, quite simply by
setting the oop anisotropy of a second region to 0. Additional parameters come into
play: the spacing between cells, and the mismatch between the cell lengths. We
observe whether oscillation and synchronization are sensitive to differences between the
STNOs’ dimensions and corresponding natural frequencies. Recall that the snapshot in
figure 6.1c features multiple cells oscillating together successively nearly in antiphase.
Indeed, when a second cell is added in the configuration of figure 6.2, spectra of mx

and my for both cells coincide up to a certain current above which they decouple
(figure 6.3).

But the cell lengths of the shown configuration are actually mismatched by 10%—
they are 40 and 44 nm long respectively—and separated by 50 nm oop region. In fact,
coupled oscillations were observed for all simulations with the second cell length varying
from 36–44 nm and the spacing from 20–80 nm, attesting to the robustness of the
coupling mechanism, although they decoupled at high currents with large separations
(see inset of figure 6.3). Moreover, both cells oscillate with slightly higher power than
their single-cell counterpart. Finally, the phase difference between the oscillations in
this case depends linearly on current. This is because the spin wave extends through
the oop region (even though the amplitude there is nearly 0) and the wavenumber
has a linear relation to current. That said, the phase difference tends to stay within
π/2 and 3π/2 for all tested configurations with various cell lengths and separations
≤50 nm over the range of currents at which oscillations occur—staying much closer
to π in some cases even—although the mechanism for this preference is unclear.

6.5 Discussion

We test the accuracy of the model described in section 6.3 by extracting the frequency
and wavenumbers of the spin waves from simulation iSTNO cells and comparing them
against predictions by eqs. 6.6 and 6.7. Starting with the dispersion (equation 6.7),
figure 6.4a displays the wavenumber versus frequency from simulations with various
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Figure 6.2: Typical simulation result: spectra of oscillations of an STNO cell
of dimensions 40× 60× 1nm, with α = 0.04 and β = 0.04. Spectra are taken
from the average mx and my across the cell. The inset shows frequency vs.
current density for a selection of simulations: 1. (bold) same parameters; 2.
60×60×5 nm3, α = 0.02, β = 0.04; 3. 20×60×5, 0.05, 0.04; 4. 20×60×5,
0.01, 0.04; 5. 20× 40× 5, 0.05, 0.04; 6. 20× 60× 1, 0.05, 0.04.

parameters and currents, and the inset details this for some values of α. Strong
agreement of the data with the lines in the figure, which represent equation 6.7, verifies
the dispersion predicted by the model.

From a glance at the wavenumbers extracted from simulations by themselves, how-
ever, it appears that they vary approximately linearly with current (see figure 6.4b),
in sharp contrast to the prediction that they should depend only on the cell geometry
(equation 6.6). In fact, there is no solution to equation 6.6 if the cell is wider than it
is long, whereas some geometries with this condition oscillate nonetheless (e.g. curves
3 and 6 in figure 6.4b). Here the limitation of the simplicity of the model appears: the
domain walls between the PMA and no-PMA regions, neglected in the model, play an
important role in determining the wavenumber (and thus the frequency.) For one, the
spin wave can extend throughout the domain wall, i.e. beyond the cell’s edges, effec-
tively lengthening the cell, countering the aforementioned condition that disqualified
a solution for the wavenumber. Furthermore, since dmz/dx is no longer 0, the terms
in the LLG equation (equation 6.1) containing dm/dx gain additional character. The
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Figure 6.3: Simulation results of two iSTNO cells of dimensions 40×60×1nm
(solid lines) and 44 × 60 × 1nm (dotted lines, offset for clarity), separated by
50 nm, with α = 0.04 and β = 0.04. Their oscillations are coupled. The inset
shows the occurrence of successful oscillation (the single-cell result is provided
for comparison.)

adiabatic STT term has the well-known effect of propagating the domain walls [101],
which in the case of bound domain walls means they merely shift along the nanowire.
The non-adiabatic term has the more interesting effect of rotating the magnetization
counter-clockwise in the left domain wall and clockwise in the right one. Competing
against exchange and magnetostatic forces, this leads to a phase difference across the
cell, suggesting an avenue for a new wavenumber prediction. Moreover, since these
terms depend on u, this prediction would depend on current, consistent with simulation
results as in figure 6.4b.

It turns out that the wavenumber depends on current even if the domain walls are
removed from the simulation by considering only the no-PMA region. This exposes the
limitation of the approximation made for the self-magnetostatic field (equation 6.5).
Because in general the wavenumber k . π/l, the finite size of the cell causes con-
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Figure 6.4: (a) Frequency vs. wavenumber extracted from simulations of
various geometries, α, β, and currents. Wavenumbers k are normalized by
α, β, and u for comparison to frequency, and the line represents equality (cf.
equation 6.7), and the inset details this for cases where β = 0.04 and α = 0.02
or 0.05. (b) Wavenumber vs. current for selected simulations. Dotted lines
represent the prediction (equation 6.6).

siderable deviations, especially at the cell’s edges (were k � π/l the edge effects
would become negligible.) Presence of a non-zero dmz/dx then introduces similar
effects as before, and notwithstanding the smaller magnitude of dmz/dx, the much
larger currents required to oscillate a lone cell renders the whole non-adiabatic term
βum × dm/dx quite relevant. The higher currents necessary in the absence of oop
regions furthermore suggest that the domain walls also serve to reduce the critical cur-
rent, either by priming the phase difference across the cell as previously explained or
by precession of the domain wall itself [38].

As a final note, the random field introduced some variance in the wavevector for
some configurations and currents (see error bars in figure 6.4b). On the other hand,
the frequency and critical current are not affected, suggesting that the oscillations are
resistant to inhomogeneities, or in other words are not limited to ideal conditions.

6.6 Experiments

6.6.1 Methods

We fabricated iSTNO devices to measure their oscillatory response to direct current.
They are made from films consisting of Co(1.5 Å)/Ni(7 Å) multilayers on various
metallic underlayers to experiment with various material parameters. Their composi-
tions are detailed in figure 6.5. Notably, we expect the oscillations in samples with the
Pt underlayers to be affected by the spin Hall effect (SHE) and Dzyaloshinskii-Moriya
interaction (DMI). Although the effects do not appear in the modeling of section 6.3,
we speculate that the SHE inhibits oscillations and that DMI introduces asymmetry
with respect to current direction.

Originally, thin films with these configurations were grown on Si wafers, but the
most recent devices were grown on MgO substrates to enable higher current densities
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Figure 6.5: Composition of the nanowires for iSTNO experiments.

in the nanowires, since MgO conducts heat better than SiOx does. For this purpose,
the AlOx layer between the substrate and underlayer shrank down to 10 Å rather than
the usual 100 Å; VSM measurements confirmed that this does not appreciably affect
the magnetic properties of the functional layers (see this chapter’s appendix 6.A).

Nanowires were fabricated from these films by subtractive etching through PMMA
resist patterned by e-beam lithography. Nanowires are 6 µm long with widths ranging
from 30 to 100 nm. There are a few specially shaped nanowires. On the Si samples,
some wires had tapering widths—they are 40 nm wider at one end than the other. On
the MgO samples, some wires had “snake bellies,” which means that they were 1.5 of
2 times wider everywhere except where the iSTNO cells were located, where they were
30–100 nm wide as usual. One reason to do this is that it lowers the current density in
areas of the wire where high current density is not required and removes the burn risk
there, increasing the overall breakage current of the wire. Also, it increases the built-in
field from the oop regions.

To create the in-plane regions along the nanowire, we irradiated small stretches of
nanowire with Ne+ ions. To accomplish this, bar-shaped holes that cross the nanowires
were patterned into thin PMMA resist again using e-beam lithography, and the entire
sample was irradiated. Prior to this, we determined the optimal irradiation dose—where
most of the magnetocrystalline anisotropy is destroyed but most of the magnetization
intact—by irradiating fragments of samples of the same multilayer films and measuring
the effective anisotropy (see this chapter’s appendix 6.B). Along a nanowire, about
ten in-plane cells are created, all with a different longitudinal size from 30 to 90 nm,
separated by several 100 nm. This way, single-cell iSTNO devices of various geometries
can be evaluated at once, albeit with the drawback of uncertainty which cells are
responsible for any particular oscillation. One exception is the tapered wires, where all
the cells are the same length, but their width varies. Additionally, some nanowires were
patterned with two-cell devices, separated by 40, 60, or 80 nm. Finally, some wires
were fully irradiated, and some were left unirradiated, for control purposes.

Two methods were used to measure oscillations in the iSTNO devices. The first is
the spectrum analyzer : a stepwise increasing direct current is sourced into the nanowire
through a bias tee, and at each current step, a spectrum trace is obtained using a
spectrum analyzer. Because of the anisotropic magnetoresistance (AMR) effect, an
oscillating cell will produce an oscillating voltage at twice the oscillation frequency.
The second is the spin-diode method : in addition to a direct current, an RF voltage,
stepwise increasing in frequency, is sourced into the nanowire, and the DC voltage across
the nanowire is recorded. Because of the spin-diode effect [105], if the RF frequency
matches the oscillation frequency, a DC voltage is generated. This component is
isolated by amplitude-modulating the RF by around 1 kHz and measuring the voltage
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response using a lock-in amplifier tuned to the AM frequency. In practice, the spectrum
analyzer measurement has mostly been used, and the spin-diode technique was used
to confirm its results.

Additionally, alongside both the spectrum analyzer and spin-diode measurements,
we measure the dV/dI curve of the nanowire. Spikes or dips in the dV/dI character-
istic indicate the onset of oscillation due to electron-magnon scattering [102, 65, 93]
(although the effect has also been attributed simply to the reduced magnetoresistance
of a dynamic magnetic layer [58]). The generation of spin-waves in the iSTNO cells
should cause a measurable event in the dV/dI curve.

With the spectrum analyzer measurement, this is done simultaneously in two ways:
by simply taking the derivative of the voltage vs. current curve, and by using a lock-
in amplifier. For the latter method, the current source produces a 1 µA alternating
current in addition to the direct current at a frequency of around 1 kHz. The lock-in,
tuned to the same frequency, outputs the amplitude of the alternating voltage, which
gives a value for dV/dI when divided by the source amplitude (and multiplied by

√
2).

With the spin-diode method, only the manual differentiation was done, although a
second lock-in amplifier could have been used to measure the voltage response of a
1 µA alternating current as well.

6.6.2 Results & discussion

Most experiments subjected the iSTNO nanwires to increasing positive current and
then increasing negative current, under a range of applied out-of-plane fields, and took
the average of 20–50 spectrum analyzer traces at each current value. The current
approached the maximum that the nanowire could tolerate, estimated by monitoring
the manually differentiated dV/dI curve under increasing current. Many devices of
different widths and different underlayers were measured, and results that appear to
indicate oscillations were discovered in a few.

Figure 6.6 shows a typical measurement result: a set of spectra, one for each current
value. Post-processing includes subtracting the background spectrum obtained at zero
current, smoothing the plot with a block filter, and normalizing by the variance at each
frequency. The last helps “flatten” the noise (whose variance varies significantly w.r.t.
frequency), simply for help in discerning signal from noise.

A number of features appear in such a result:

� The signal increases across the spectrum towards higher currents, explained by
thermal noise. This remains true in unirradiated and fully irradiated nanowires.

� There are often peaks around 850, 900, 1800, and 1900 MHz, which correspond
to GSM frequencies (not shown).

� There are often peaks around 2.4 and 5.1 GHz, which correspond to WiFi fre-
quencies (not shown).

� There are often peaks around integral GHz values, which correspond to an FMR
experiment in the same lab (flattened by normalizing by variance at 2 and 4 GHz
in figure 6.6).

This means the equipment is sensitive enough to pick up cell phones, WiFi, and
other experiments. We estimate that the local AMR oscillation can be as large as
10 µV, so it should be easily discernible.
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Figure 6.6: Example result from a measurement: a spectrum at each current.
Increasing activity at high currents indicates thermal noise, and the lines across
the image (terminated by black markers) likely correspond to iSTNO oscillation.
The nanowire consists of 6 repeats of CoNi bilayers on a TiNi underlayer, 50 nm
wide. A field of −38 mT was applied out-of-plane.

In fact, one of the nanowires on the Si wafers produced a signal of about 60 µV,
but because such a signal was not reproduced in other devices, its origin is unclear.
Details can be found in this chapter’s appendix 6.C.

Some of the nanowires on the MgO substrates on the other hand, specifically those
with the TiNi underlayer, showed reliable evidence of iSTNO oscillations. Figure 6.6
shows an example spectrum exhibiting such a signal: a line between (1300 µA, 5.5 GHz)
and (1810 µA, 2.8 GHz) (black circles in figure 6.6), plus two more lines between 1.1 and
2.6 GHz (up and down triangles). The lines by themselves are moderately convincing,
but in repeated measurements with different applied fields the lines not only appear
consistently but shift as function of applied field (see figure 6.7a). At some fields,
multiple lines are present, suggesting that multiple iSTNOs are oscillating. When the
lines are extracted by eye and drawn in a field-frequency plot for different values of
applied current (figure 6.7b), undeniably a pattern appears.

Repeating the measurement reproduced the result, and other nanowires of the same
and different widths had similar field-frequency characteristics. No such lines were
found in nanowires without iSTNO cells, neither the unirradiated nor fully irradiated
control wires, suggesting that the signal originates from the iSTNO cells. All of these
measurements were done using the spectrum analyzer, and the spin-diode method was

74



6.6. Experiments

current [µA]

-2300 -2000 -1700

fr
e
q
u
e
n
c
y
 [
G

H
z
]

1

2

3

4

5

6

1700 2000 2300

-18 mT

-57 mT

-9 mT

55 mT

36 mT

-57 mT

-28 mT

(a)

frequency [GHz]

1 1.5 2 2.5

fi
e

ld
 [

m
T

]

-60

-40

-20

0

20

40

60

-1850 µA

-2150 µA

1850 µA

2150 µA

(b)

Figure 6.7: Summary of lines in plot of current-spectrum plots, (a) as extracted
from measurements at different fields and (b) as summarized in a field-frequency
plot by current (only lower frequency oscillations shown). The nanowire consists
of 6 repeats of CoNi bilayers on a TiNi underlayer, 80 nm wide.

used for additional confirmation; it displays similar lines in the spectrum-current plots
(not shown) that when drawn in a field-frequency plot show an abridged version of the
spectrum analyzer results. The technique is less sensitive and more time-consuming
than the spectrum analyzer method but it does confirm the results.

Separate lines in a current-spectrum plot (figure 6.6) are assumed to correspond
to separate iSTNO cells (of different dimensions) oscillating. Lines shifting as the field
is changed are assumed to belong to the same oscillating cell (grouped by color in
figure 6.7a). A few observations from the current-spectrum and field-frequency plots
include:

� The frequency increases with increasing field magnitude (figure 6.7b)), as is
generally the case with spin-torque nano-oscillators [93, 69, 65, 98].

� The frequency decreases with increasing current magnitude (figure 6.7a). Neither
the analytical model nor the simulation results exhibit this behavior. It may be
that the oop vector around which the spins precess is anti-parallel to the effective
field, which can lead to decreasing frequency with increasing current [93]. It is
consistent with the non-linear frequency shift associated with an in-plane free
layer [98, 69].

� The signs of field and current are related: The cells oscillated only with positive
field and negative current, and vice-versa, with the exception of one line at−9 mT
at negative currents in figure 6.7.

� The curves in the field-frequency plot are offset w.r.t. zero field (figure 6.7b).
This may indicate the built-in field from the oop regions.

We also measured the spectra of two-cell devices with varying separation, but no
signals appeared. Perhaps the irradiation pattern was too blurry in practice to form two
clearly defined cells, or perhaps the phase difference between adjacent cells canceled
out any AMR signal. Likewise, no signals appeared from the “snake belly” nanowires.
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Altogether, the evidence strongly suggests that the iSTNO devices oscillate, albeit
with small output power. The next step would be to isolate which of the iSTNO
cells are responsible for which observed lines and to equip those with a GMR or TMR
readout to increase the power.

Compared with simulations, the experimental oscillation frequencies correspond to
those at the low end of frequencies obtained in simulation (figure 6.2) (note that
the experimental results are spectra of AMR oscillation and thus twice the iSTNO
oscillation frequency). The most striking difference is the frequency dependence on
current, which has positive slope in model and simulation but negative slope in the
experiments. Additionally, the simulations and model predict oscillations at zero field,
but all experimental results suggestive of oscillation were obtained in the presence of
field.

6.7 Conclusion

We have presented an alternative geometry for a spin-torque nano-oscillator, where the
active elements are in-plane magnetized regions of an otherwise out-of-plane magne-
tized nanowire, and have shown simulation results that confirm oscillations in these
cells. Multiple cells oscillate in coupled fashion, resistant to size mismatches. A theo-
retical model based on a spin-wave in solely the in-plane region correctly identifies the
dispersion relation that simulations also produced. Despite some of the model’s as-
sumptions such as uniform amplitude, uniform field from the out-of-plane regions, and
an approximation for the self-magnetostatic field, it correctly derives the wavevector’s
order of magnitude but misses its current dependence.

We have also fabricated and measured iSTNO devices. Some exhibited a line in
their current-spectrum plot, suggesting oscillation of the iSTNO cells. The frequency
increased with increasing applied field magnitude but decreased with increasing current
magnitude. Further experiments should use GMR or TMR measurements to increase
the output.

As a final note, the analytical model discards the out-of-plane section of the
nanowire and mimics its magnetostatic contribution by an equivalent field, so the
iSTNO can alternatively be built as magnetic in-plane sections within an otherwise
nonmagnetic nanowire subjected to an external field. In fact, since the exchange and
(approximately) the self-magnetostatic fields appear in the equations as contributions
to the effective field, an external field may not be necessary in some configurations.
However, the required currents are much higher, and fabrication of practical devices
would come with challenges not present in the PMA-nanowire based iSTNO.

Appendix 6.A Effect of AlOx thickness on CoNi mag-
netic properties

To let the nanowires tolerate higher current densities, they were grown on MgO sub-
strates, which have a higher thermal conductivity than SiOx. Normally an amorphous
100 Å layer of AlOx between the substrate and the metallic layers ensures that they
grow non-epitaxially, but such a thick layer of poor thermal conductivity would counter
the purpose of the MgO substrate. Therefore we use a thinner AlOx layer that is still
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Figure 6.8: (a) Saturation magnetization and (b) magnetocrystalline
anisotropy of CoNi thin films on various underlayers as a function of AlOx
thickness.

thick enough to retain high effective perpendicular anisotropy.
To determine the optimal AlOx thickness, we grew films of the four configurations

shown in figure 6.5, each with 0, 10, 20, 50, and 100 Å AlOx, and measured their
saturation magnetization and magnetocrystalline anisotropy using VSM. Figure 6.8
presents the results.

While the magnetic properties change quite a bit for the Au, Pt, and AlTi structures
when shrinking from 100 to 50 Å, below this thickness they do not change appreciably
(the zero-thickness samples could not be measured). Therefore the AlOx thickness is
set to 10 Å.

Appendix 6.B Effect of irradiation on effective anisotropy

To select the optimal irradiation dose for each thin film, we first found out how irradi-
ation affects the effective anisotropy of the multilayer structures. From one sample of
each of the four compositions, we cut eight fragments. The fragments were irradiated
with Ne+ ions with doses increasing exponentially from 1012 to 1015 ions/cm2, with
one fragment left unirradiated. The effective anisotropy was determined using polar
MOKE. For low irradiation doses, the zero-field magnetization is out-of-plane, so an
in-plane field was swept to obtain the mz-H loop. For high irradiation doses, when the
anisotropy is sufficiently reduced so that the zero-field magnetization is in-plane, an
out-of-plane field is swept. For doses near the transition, both cases were measured.
The saturation field of the mz-H loop, proportional to the effective anisotropy, is plot-
ted in figure 6.9 for different irradiation doses on nanowires with various underlayers.
Negative saturation field denotes the (positive) saturation field during an out-of-plane
field sweep and translates to effective in-plane anisotropy.

As the dose increases, the effective anisotropy decreases, indicating the reduction of
the magnetocrystalline anisotropy. For higher doses, the curve returns to 0, indicating
that the shape anisotropy decreases as a result of destruction of the magnetic moment.
The optimal irradiation dose minimizes the magnetocrystalline anisotropy while leaving
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Figure 6.9: (a) Example polar MOKE curves of CoNi multilayers. One sample
was lightly irradiated and thus retained most of its out-of-plane anisotropy. The
other received a high irradiation dose, rendering its magnetization in-plane. (b)
Saturation field extracted from MOKE curves vs. irradiation dose for CoNi
multilayers on various underlayers.

the magnetic moment intact, which from the plot we determine to be 3×1014 ions/cm2.

Appendix 6.C Unique spectral peak among SiOx sam-
ples

Among the nanowires fabricated on SiOx substrates, one device produced a significant
peak in its spectrum. In particular, this nanowire featured a Au underlayer (see fig-
ure 6.5 for full composition) and a tapered profile, measuring 60 nm wide on one end
and 100 nm at the other. The iSTNO cells were 30 nm long. The spectrum contained
a peak at 18.83 GHz with FWHM 79 MHz (which would correspond to an oscillation
frequency of 9.42 GHz and FWHM 40 MHz) and maximum amplitude around 60 µV,
between currents 610–650 µA, see figure 6.10. Additionally, note the activity in the
spectrum for higher frequencies. If the signal were external, 18.83 GHz corresponds
to “FIXED-SATELLITE (space-to-Earth),” according to the United States Frequency
Allocation table [2]. Since this is the only such signal we have ever observed, we deem
it unlikely that this is the origin.

Unfortunately, at higher currents during the measurement that produced this result,
the nanowire burned so we were unable to attempt to reproduce the result, and similar
nanowires did not show comparable signals. This result is thus labeled inconclusive.
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Figure 6.10: (a) Zoomed-in view of spectra for a range of currents. (b)
Spectrum at 620 µA (yellow dotted line in (a)) where dotted lines indicate
frequency range in (a).
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Chapter 7

Conclusion & Technology
Assessment

Cells are the building blocks of magnetic devices capable of logic, memory, and com-
munication. They interact with each other and domain walls through magnetostatic
fields. The previous chapters discussed nanomagnetic logic, domain wall pinning and
clocking, and a spin-torque nano-oscillator.

Nanomagnetic logic (NML) with in-plane (chapter 2) and out-of-plane (chapter 3)
nanomagnets (NMs) was investigated. Simulations on signal transport in an in-plane
NML chain found that premature evolution of the last magnet causes errors. Exper-
iments using magnetic force microscopy (MFM) imaging confirmed that errors often
occur, do not depend strongly on inter-magnet spacing, and most importantly are in-
herent to each device due to fabrication variation. Simulations predict that a shorter
final magnet significantly increases the success rate, and experiments agree to a limited
extent.

Simultaneously, the experiments demonstrated electronic input and output to NML.
An MTJ buried at the end of the NML chain shifts its switching field depending on the
last NM state. In fact, we showed that it can discern the state of the entire chain for
at least 5 nanomagnets, which we used to further show that errors are almost perfectly
reproducible. Another MTJ at the start of the chain with its tunnel barrier destroyed
played the role of an input device by its Oersted field. The output responded to the
input current with a probability that increased with the current magnitude, although
the clocking field had to be aligned to within a degree.

For NML with out-of-plane nanomagnets (chapter 3), we fabricated Co nanopillars
using Focused Electron Beam Induced Deposition. MFM revealed that the pillars were
ferromagnetic. The Oersted field from a Cu wire underneath the pillars supplied the
clocking field. The magnetization of the nanopillars responded but generally did not
find the desired antiferromagnetic orientation. Simulation results showed that a ratio
of height to diameter of 1.5–2.7 produces the best results.

To prevent the last magnet from evolving early, we investigated clocking using a
magnetic domain wall (DW) in a nanowire running underneath the nanomagnet array,
which resets the nanomagnets one by one (chapter 4). Simulations where the magne-
tostatic field of a DW traverses the NML array successively switch at least 20 magnets.
Using a current-driven DW limits the success to a small parameter space. NML arrays
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with DW-carrying nanowires were fabricated, and experiments where the DW trav-
eled through the nanowire by field showed that the DW could correct nanomagnet
magnetizations in one- and two-nanomagnet chains.

In a configuration similar to DW clocking, a single nanomagnet with its long axis
parallel to the nanowire constitutes a DW pinning site (chapter 5). We discovered that
its pinning strength depends on the magnetic state of the nanomagnet, thus making
the system suitable either as nanomagnet readout or DW gating. Analytical exploration
of the phenomenon revealed that the internal structure of the DW is responsible for
the asymmetry. More specifically, the DW transforms into a Néel wall aligned with the
nanomagnet’s magnetization, flips its chirality underneath, and flips back. Moreover,
this process is adiabatic in wide nanowires and abrupt in narrow ones. Experimental
measurements of the pinning strength revealed that the difference could be as much as
10 mT and that the asymmetry vanishes and even changes sign in nanowires narrower
than 75 nm, in accordance with the analytical model.

Finally, we proposed an alternative spin-torque nano-oscillator, the in-line spin-
torque nano-oscillator (iSTNO), where in-plane regions of an otherwise out-of-plane
magnetized nanowire form oscillate in response to a direct current (chapter 6). Ad-
vantages include straightforward fabrication and expansion to synchronized oscillators.
An analytical model revealed that the non-adiabatic spin transfer torque can offset the
Gilbert damping of precessing spins, leaving a stationary spin wave mode in the cells. In
simulation, correct operation of one- and two-celled iSTNO devices was demonstrated,
and the two-celled devices frequency-locked. However, not all of the model’s quanti-
tative predictions agreed with simulation results. Measurements on fabricated iSTNO
devices, where cells were made in-plane by ion irradiation, produced spectra suggestive
of iSTNO oscillation, where notably the frequency decreased with increasing current.

Looking to the future, the impact of these magnetic alternatives will be significant.
Starting with the most mature of the three processes described, magnetic memory is
already commercially available. At the time of this writing, 8 Mb STT-MRAM chips
can be bought [108], and 64 Mb and 256 Mb chips are on the way [1]. They have
demonstrated high speed and low power consumption. While packaged memory mod-
ules are not yet available, the technology to produce MRAM at low cost is maturing.
Eventually it will be able to replace all types of memory, from short-term (RAM) to
portable and long-term storage, i.e. it is a truly “universal memory” [4].

Inter- and intra-device communication can eventually be replaced by spin-torque
nano-oscillators. Their advantages of small size, tunability by current, and low power
consumption will make them preferable to electronic oscillators. They have already
been shown to transmit data [25]. However, there are many challenges before they
can be practically implemented. For example, removing the requirement of an applied
field is desirable. Some configurations of STNO promise to operate in zero field, such
as an MTJ type oscillator with in-plane fixed layer and out-of-plane free layer [36], or
the in-line STNO presented in chapter 6 of this thesis. Most importantly, the output
power must increase to practical levels. This involves improving the output of a single
oscillator and subsequently synchronizing multiple STNOs. For single oscillators, this
means either improving the magnetoresistance ratio or increasing the amplitude of
oscillation. A power of 3.6 µW has been achieved [104] in a device of two in-plane
magnetization layers. Another promising candidate is a hybrid device consisting of an
out-of-plane polarizing layer, an in-plane free layer, and an in-plane fixed layer. With
this configuration, 200 nW power in zero field has been reported [46]. Synchronization
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of STNOs increases the power and reduces the linewidth and phase noise, and to
date three nanocontact STNOs [49, 96] and four vortex STNOs [95] have been shown
to oscillate coherently. The iSTNO extends naturally to multiple coupled oscillators,
and because of additional advantages such as field-free operation and straightforward
fabrication, it may inspire an alternate route to magnetic oscillators.

Finally, NML has potential to replace CMOS based operations. Beyond in-plane
NML with global clocking as presented in chapter 2 in this thesis, several key im-
provements make it capable of complex logic operations. Using out-of-plane materials,
as proposed early on [27] and as explored in chapter 3 of this thesis, eliminates the
difference of propagating in the two planar directions. Crucially, using out-of-plane
materials rather than tall magnets leads to flexibility of magnet shapes [19], possibility
of creating nucleation centers for directionality [59], integration with input/output and
other structures [20], and expanding into the third dimension [33]. The other key is
the use of oscillatory clocking, similar to that used to transport a signal along an array
of in-plane nanomagnets [26]. These improvements have led to the demonstration of
a one-bit adder [18] and proposal of a full adder [90]. With continuing research NML
will become integrated in electronic circuits to perform low-power computation similar
in speed to its electronic counterpart.

For practical and power-efficiency reasons, field-free clocking is desirable. The
domain wall clocking scheme presented in chapter 4 of this thesis offers an alternative,
although it was noted that the Oersted field must be considered. The Oersted field
is much less an issue in out-of-plane NML, however. Also, implementation of DW
clocking in 2-D arrays for logic gates poses challenges. A promising alternative method
is spin Hall effect clocking, which has been shown to reset out-of-plane NML arrays
[15]. While it dissipates much less energy than a global field, it is susceptible to the
same source of errors. We propose two additional clocking methods at the end of
section 2.5.

This thesis has presented experiments, theoretical analysis, and simulations on a
multitude of magnetic devices, with the ultimate goal of advancing tasks of the comput-
ing process such as logic, memory, and communication in a Beyond Moore environment
where electronics verges on reaching its limits. Cells interacting with each other and
other magnetic entities such as domain walls recurs as a theme among the studied
devices. Just as has happened among complex organisms capable of performing these
functions, magnetic cellular devices will continue to evolve in the coming decades to
prolong Moore’s Law.
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Appendix A

1D Self-Magnetostatic Energy
of Nanowire

A.1 Introduction

Modeling static domain wall structure and behavior requires determination of its total
energy, which comprises exchange, anisotropy, Zeeman, and self-magnetostatic ener-
gies. In the case of a DW in a nanowire with perpendicular magnetic anisotropy, the
DW magnetization profile is usually taken to be one-dimensional and of the following
form:

M(x) = Ms

 sin
(
2 arctan ex/∆

)
0

cos
(
2 arctan ex/∆

)
 = Ms

 sechx/∆
0

tanhx/∆

 , (A.1)

for the case of a Néel wall, where ∆ is the DW width. In this case, the exchange,
anisotropy, and Zeeman energy are straightforward:

Eexch = −
∫
V

A∆m ·mdV = 2wtA/∆ (A.2)

Eanis = −
∫
V

K(m · ẑ)ẑ ·mdV = 2wtK∆ (A.3)

EZeeman = −µ0Ms

∫
V

H ·mdV (A.4)

The self-magnetostatic energy is given by

emagn(x) = − 1

4π

∫
V

∇′ ·M(x′)

|x− x′|
dV ′ +

1

4π

∫
S

n′ ·M(x′)

|x− x′|
dA′ (A.5)

Emagn =

∫
V

emagn(x)dV (A.6)

Even in the case of 1-D magnetization, this becomes a 6-dimensional integral which
only has analytical solutions in the simplest cases, usually uniform magnetization.

In the case of a DW in a nanowire, the self-magnetostatic energy is often ap-
proximated by considering only the contribution of the most significant component
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of magnetization across the nanowire, which in the case of a PMA nanowire is the
z-direction:

Hmagn = −Nz (M · ẑ) ẑ (A.7)

Emagn = −1

2
µ0

∫
V

Hmagn ·MdV (A.8)

= −1

2
µ0

∫
V

−NzM2
zdV (A.9)

= −µ0M
2
sNzwt∆ +

1

2
µ0M

2
sNzV, (A.10)

where Nz is the demagnetization factor of the nanowire in the z-direction.
This approximation allows the derivation of the magnetization profile in equation

A.1 [73]. However, it notably fails to distinguish between Bloch and Néel walls, and
loses accuracy for all but the thinnest nanowires. The DW can alternatively be modeled
by a rectangular prism [38] or ellipsoid [79] with a uniform magnetization (for which
there are analytical expressions) to explicitly resolve the energy difference between
Bloch and Néel but this is a poor representation of the DW structure.

Because the approximation did not suffice, I derived an expression for the self-
magnetostatic energy within a nanowire given an arbitrary 1-D magnetization profile
M (x) which unevaluated is exact and whose numerical evaluation is much more man-
ageable than equation A.5.

A.2 Formula

The self-magnetostatic field is derived from integrating the contributions from all dξ×
w × t slices of nanowire on a target nanowire slice at x. An expression for each slice’s
contribution is obtained by taking the formula for the average magnetostatic field in a
rectangular prism as a result of the magnetization of another [72], and then taking the
limit of infinitely thin slices. This yields the expression:

Hmagn(x) = − 1

4πwt

∫
A (x− ξ;w, t) ◦M (ξ) dξ −M(x) ◦ x̂ (A.11)

Here A (x;w, t) is the result of taking the limit of infinitely thin slices that furthermore
are only translated in the nanowire direction. Unfortunately, A (x;w, t) contains singu-
larities that make this expression impractical, but a round of integration by parts turns
the expression into a useful formula. The energy is then obtained by integrating the
inner product with the self-magnetostatic field:

Hmagn(x) = − 1

4πwt

∫
B (x− ξ;w, t) ◦M′ (ξ) dξ −M(x) ◦ x̂

− 1

4πwt
B∞(w, t) ◦ (M(∞) + M(−∞)) (A.12)

Emagn = −1

2
µ0wt

∫
Hmagn(x) ·M(x)dx (A.13)

=
µ0

8π

∫∫
B (x− ξ;w, t) · (M(x) ◦M′(ξ)) dξdx

+
1

2
µ0wt

∫
(M(x) · x̂)2

dx (A.14)
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B (x;w, t) is a function that outputs a three-vector and takes as parameters the width
and thickness of the nanowire; it is a computationally trivial analytical expression:

B(x;w, t) =

 −g(x;w, t)− g(x; t, w)
g(x, t, w)
g(x,w, t)

 (A.15)

(A.16)

g(x;w, t) = 4wt arctan

(
wx

t
√
x2 + w2 + t2

)
+ 2x

(√
x2 −

√
x2 + t2 −

√
x2 + w2 +

√
x2 + w2 + t2

)
− 2xw log

(√
x2 + w2 − w

)(√
x2 + w2 + t2 + w

)
(√

x2 + w2 + w
)(√

x2 + w2 + t2 − w
)

+ 2w2

(
log

x+
√
x2 + w2

x+
√
x2 + w2 + t2

− log
w√

w2 + t2

)

− 2t2

(
log

x+
√
x2 + t2

x+
√
x2 + w2 + t2

− log
t√

w2 + t2

)

The resulting energy integral is two-dimensional. In addition, contrary to integrating
equations A.5 and A.6, the integrand in equation A.14 contains no singularities and is
therefore numerically easier.

Care must be taken when integrating to infinite limits that the asymptotic value of
the integrand is subtracted to prevent the integral from diverging, but fortunately this
only requires a simple modification:

(A.17)

Emagn =
µ0

8π

∫∫ (
B (x− ξ;w, t) · (M(x) ◦M′(ξ))

− sgn(x)B∞(w, t) · (M(sgn(x) · ∞) ◦M′(ξ))

)
dξdx

+
1

2
µ0wt

∫ (
(M(x) · x̂)2 − (M(sgn(x) · ∞) · x̂)2

)
dx

where

B∞(w, t) =

 −g∞(w, t)− g∞(t, w)
g∞(t, w)
g∞(w, t)

 (A.18)

g∞(w, t) = lim
x→∞

g(x;w, t) = 4wt arctan
w

t
− 2w2 log

w√
w2 + t2

+ 2t2 log
t√

w2 + t2
(A.19)

Since this ultimately adds a constant to the energy evaluation, this has no physical
consequences.

Finally, the formula can take any 1-D magnetization that converges asymptotically
and is not limited to a constant |M|.
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Figure A.1: (a) Total domain wall (DW) energy in a 60Ö5 nm2 nanowire as
function of width and in-plane angle, with the optimal width for each in-plane
angle highlighted. (b) Optimal DW width of two DWs as they approach each
other. The DWs are initialized as Néel walls either with the same or opposite
chirality. With opposite chirality, the DWs narrow earlier and one DW eventually
flips its chirality.

A.3 Application

This expression has been crucial for modeling of both domain wall pinning (chapter 5)
and the in-line spin-torque nano-oscillator (chapter 6). The formula is well suited to
domain walls (DWs) in perpendicularly magnetized (PMA) nanowires, and it can make
calculations not possible using the approximations.

For example, we can calculate the optimal DW width given the DW’s in-plane
angle φ, that is, the angle in the nanowire plane through which the DW rotates, where
φ = 0, π are Néel walls pointed parallel and antiparallel to the wire respectively, and
φ = π/2 represents a Bloch wall. Specifically, the DW has the following magnetization:

M(x) = Ms

 sech (x/∆) cosφ
sech (x/∆) sinφ

tanh (x/∆)

 . (A.20)

φ can be any angle in the case of the depinning event described in chapter 5, or
while it is precessing. To find the DW width, the total energy (exchange, anisotropy,
and magnetostatic) must be minimzed. This sort of problem (optimization) requires
many energy evaluations, which the formula does quickly and accurately. The result is
shown in figure A.1a for a nanowire with cross-section 60Ö5 nm2.

Another example is to predict what happens to the DW in-plane angle and width
of two DWs as they approach each other. The two DWs are described by a single
M(x), and the in-plane angles and widths can be simultaneously optimized for each
separation distance. Figure A.1b shows the result for two DWs initialized in two ways:
as two +Néel walls, and as one +Néel and one −Néel wall.

The in-plane angle (not shown) is found to favor nothing but a Néel wall. The
DW width of the two +Néel walls (blue) decreases appreciably below about 100 nm
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separation. The opposite DWs narrow much earlier (200 nm), and one flips to arrive
at two +Néel walls around 100 nm separation. The choppy nature of the curves comes
not from the inaccuracy of the evaluation but from the energy minimization algorithm
which will can sometimes discover a nearby lower local minimum. The total energy
(not shown) suggests that these walls tend to annihilate in an impurity-free nanowire.

A more fundamental question is to find the true magnetization profile of a DW in
a PMA nanowire. As indicated, the well-known magnetization profile (equation A.1)
assumes an approximation for the magnetostatic energy. Using the formula, one could
determine the true curve that minimizes the total energy, using calculus of variations
for example. While it may not yield a closed-form expression, it gives insight in how
much the well-known approximation deviates from the true profile.
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Summary

Cellular Magnetic Devices
Using magnetostatically interacting elements for

logic, memory, and communication

As transistor-based electronics continue to scale down, following Moore’s law, they
encounter limitations such as excessive heating. Magnetic solutions have already begun
to revolutionize memory, and for logic functions, Nanomagnetic Logic (NML) forms an
attractive alternative, with advantages including non-volatility and radiation hardness.
For communication, spin-torque nano-oscillators uses magnetic phenomena to produce
GHz voltages.

In NML, nanomagnets arranged in arrays form the operating elements, or cells,
and they interact with their neighbors through magnetostatic fields. A clocking cycle
consists of resetting the elements in their neutral state and letting each evolve to one
of two logical states according to its neighbors’. Simulations and experiments were
performed to assess the reliability of signal propagation in an array of nanomagnets, by
magnetic force microscopy (MFM) as well as by electronic readout. The latter was done
by engineering a magnetic tunnel junction at the end of the array, and we demonstrated
that it could read not only to the state of the output nanomagnet, but could discern
the state of several nanomagnets before it. Electronic input is demonstrated as well.

Simulations and experiments concur that the exact errors were highly reproducible
regardless of geometrical parameters, suggesting that correct operation is very sensitive
to fabrication variations and precise alignment, and ascribe this to a premature evolution
of the last magnet in the chain. A geometrical modification where the last magnet is
shorter works well in simulation but to a limited extent in experiment.

To avoid the different coupling behaviors in the two planar directions inherent to in-
plane NML, we investigate perpendicular NML, specifically arrays of nanopillars grown
by focused electron-beam induced deposition (FEBID). Experiments involved clocking
using Oersted or external fields and observing the results with MFM. In some arrays,
the magnetic state responded correctly to the clocking cycle.

To ensure directionality, we proposed and tested clocking using a magnetic domain
wall (DW) in a nanowire running below the nanomagnet array. Simulations show correct
signal propagation in arrays of at least 20 magnets. Devices consisting of nanomagnet
arrays above a nanowire with perpendicular magnetic anisotropy (PMA) were subjected
to a clocking cycle where a DW, injected by a current pulse, was moved through the
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nanowire by current and imaged before and after by MFM. The correct output was
obtained in 1- and 2-nanomagnet devices.

If instead the nanowire runs below a single nanomagnet with their long axes parallel,
a DW in that nanowire will be pinned by the nanomagnet’s field, and notably the
pinning strength depends on the nanomagnet’s state. We measured the depinning
fields underneath nanomagnets in nanowires of various widths and found that state-
dependent depinning field differences of up to 10 mT. A quasi-analytical model revealed
that the internal structure, dynamics, and thermal effects within the DW cause the
asymmetry. Applications include readout of individual NML magnets and even logic.

Magnetostatically interacting cells also constitute a new type of spin-torque nano-
oscillator (STNO), where the cells are in-plane regions of an otherwise PMA nanowire.
This STNO avoids some drawbacks of conventional STNOs such as the necessity of
a large external magnetic field and low power. Simulations confirm correct operation
and coupling between cells. We prepared STNO devices by forming in-plane regions on
PMA nanowires using ion irradiation and tried to excite oscillations using current and
discovered results indicative of oscillations. In addition, an analytical model explains
the operation of this STNO and makes predictions that partially match simulation
results.

Although nanomagnetic logic with magnetostatically interacting cells has potential
to pick up where transistor-based logic leaves off, improvements to clocking and readout
are necessary. Together with magnetic memory and oscillators for communication, it
forms a path to low-power Beyond Moore technology.
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1. Abandoning oscillatory clocking delayed the development of
nanomagnetic logic by several years. (chapter 2)

2. Ideally, cars would park in alternate directions in successive
spaces, much like in-plane nanomagnetic logic, yet parking
has even lower success rates. (chapter 2)

3. In most micromagnetic systems, the self-magnetostatic term
is both important and elusive, so finding a satisfactory ap-
proximation will make or break an analytical model. (chap-
ters 5&6)

4. Viral misinformation is one of the biggest threats to science
in the 21st century.

5. Exciting writing in academic output should not be discour-
aged.

6. The physical sciences aren’t immune to the ”collect now, ana-
lyze later” approach of big data, so university curricula should
include instruction in data science methods.

7. Working on one’s laptop during a presentation is like reading
a book during a stage performance.

8. Writing reports every 4–8 weeks during a PhD project has
many benefits, including leading to insights and reducing the
task of writing the thesis.

9. Twenty-five years on and post-Snowden, most e-mail remains
no more secure than a postcard.

10. While some head on a beer serves a purpose, ”two finger-
widths” must have been invented by greedy bartenders.
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