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ABSTRACT OF THE DISSERTATION

Magnonic Holographic Devices

by

Frederick Gertz

Doctor of Philosophy, Graduate Program in Electrical Engineering
University of California, Riverside, March 2015
Dr. Alexander Balandin, Co-Chairperson/Dr. Alexander Khitun, Co-Chairperson

For the past 50 years technological advancement has been dominated by
semiconducting technologies. Transistors have gone from macro scale to micron scaled
devices to nanoscale, and CMOS technology has continuously improved to keep up with the
aggressive shrinking of these logic and memory devices. However, with the release of CMOS
features of 22nm and CMOS manufacturers already researching 5nm die features for devices,
it is just a matter of time before CMOS and transistor technology reaches the end of what it
can be scaled down to. Also with each scaling power consumption by the device as well as
power dissipation from the device, especially due to waste heat becomes an increasing
concern[1]. With this in mind, many new technologies have been proposed to either
redesign current transistor technology to extend its future or to completely replace it with
alternative technologies all together. Contained here-in is a proposed device with the
possibility to replace or enhance current transistor design and CMOS processing using Spin
Wave systems. The devices comprise a magnetic matrix and spin wave generating/detecting

elements placed on the edges of the waveguides. The matrix consists of a grid of magnetic

vi



waveguides connected via cross junctions. Magnetic memory elements are incorporated
within the junction while the read-in and read-out is accomplished by the spin waves
propagating through the waveguides. Presented in this work is experimental data on spin
wave propagation through NiFe and YIG magnetic crosses. The obtained experimental data
show prominent spin wave signal by the external magnetic field, where both the strength
and the direction of the magnetic field define the transport between the cross arms. Also
presented is experimental data on the 2-bit magnonic holographic memory built on the
double cross YIG structure with micro-magnets placed on the top of each cross. It appears
possible to recognize the state of each magnet via the interference pattern produced by the

spin waves.
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1 Introduction

1.1 Research Motivation

"The complexity for minimum component costs has increased at a rate of

roughly a factor of two per year.

...this rate can be expected to continue, if not to increase.”

- Gordon Moore (1965)

Nearly half a century ago in 1965, Gordon Moore made the above quote[2]. This
statement would become known as Moore’s Law and is usually reduced to the statement
that computing power will double every 12 to 18 months. Since this statement the
semiconductor industry has grown to exceed $300 billion in annual revenues[3], while
keeping pace with Gordon Moore’s bold prediction. To accomplish this goal has required
advances in material science, physics, manufacturing and nanotechnology. As this
technology has advanced and devices have shrank problems relating to cost, effectiveness,
and physical limitations have arisen and thus, to continue to keep pace with Moore’s Law
the industrial and academic community has begun looking for technologies beyond Silicon
based transistor technology and Complimentary-Metal Oxide Semiconductor (CMOS)
Processing. To deal with the expected end of the CMOS technology life cycle, several

technologies have been proposed.
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Figure 1 — Proposed roadmap for the future semiconductor technologies with conventional technologies
highlighted in yellow.

To this end many different technologies have undergone development in the last
decade, with much focus on reducing the power requirements of the next-generation of
technologies. This focus on highly efficient designs as well as improved computing
performance has led to exploration of exotic materials and designs such as three
dimensional heterostructures and graphene to help mitigate the current inefficiencies of
silicon technology. One area of exciting research that has grown out of this exploration has
been the area of spintronics, the idea of using technologies based on electron spins. The
majority of spintronic devices however require the utilization of either difficult processing
techniques or the use of electric current to perform their function. This requirement for the
use of electric current, in some cases, very high current places many limitations on the
development and integrations of spintronic devices with current technology. To this end
spin waves have shown much promise in research for their ability to produce large signals as
well as being proposed with the ability to be voltage controlled. As a collective excitation
technology spin waves do not rely on small signal quantum effects, and have the robustness

to be used in a real world settling at room-temperature. Several technologies have been



proposed and of recent interest has been technologies that utilize spin wave interference or

their processing technique.

1.2 Background

1. Introduction to Computer Logic

Most commonly computers are constructed using binary elements, either
“on” or “off” to perform the functions it is required. To obtain higher order functions it is
necessary to combine elements in such a way that they can complete there computation.
For binary elements, the best tool for this is the use of Boolean algebra to build logic
circuits[5]. Boolean algebra has changed some since its inception by George Boole in the
1800’s, but its essence has remained the same. At the heart of Boolean algebra are three
logical operators, NOT, OR, and AND. These logical operators, when combined together are
said to be universal, in that using some combination of these, any mathematical function can
be reproduced. NOT logic is simplest in that it always just outputs the inverse of its input. To
be pedantic “on” states (represented by a 1) when undergoing a NOT operation change to
an “off” state (represented by a 0). OR logic involves two inputs, and when either input is
“on” or both are “on” then the output from a single output terminal is simply “on”,
otherwise it is off. Lastly, AND logical operators output an “on” state only when both input
terminal are “on” otherwise it is “off”. Simple diagrams and truth tables have been provided
below. The inverse of the OR and AND operators are simply known as NOR and NAND and

have truth tables in which the output is the opposite of the truth tables shown below.



NOT gate truth table OR Gate AND Gate

Input Output A ' Output A= Output
B B |
et outpur [N A |5 | oupur A 6 | ouput

0 1 0 0 0 0 o 0
0 1 1

. 0 0 1 0
1 0 1 1 0 0
1 1 1 1 1 1

Figure 2 - Shows diagrams and truth tables for NOT, OR and AND operators|[5].

Various forms of computers/calculators have been used in the past two centuries by
a variety of people. These range from the all-mechanical calculator style computers that
could solve specific functions such as Charles Babbages Difference Engine and his Analytic
Engine[6], to electro-mechanical switching, which was replaced by vacuum tubes, and finally
to transistor and it’s modern CMOS form. The transistor, considered by many to be the
most important invention of the twentieth century has for the last 40 years represented

almost all logic devices.

The transistor was invented in 1956 by Shockley, Bardeen, and Brattain at Bell.
Using germanium and gold foil they were able to produce a device known now as the point-
contact transistor and were able to control the flow of current between the slit in the gold
foil. The device acted as a simple solid-state switch and soon it soon replaced the vacuum
tube in active circuit design. The first transistor made use of germanium as the
semiconducting material; however, modern transistors (in excess of 95% of all transistors)
use silicon as the primary semiconducting material. The current method of producing

transistors is CMOS technology, standing for Complementary Metal Oxide Semiconductor



process. This process makes use of photolithography techniques to form patterns in the
silicon material as well as the other metals and dielectrics associated with the building of a

modern transistor.

Modern transistors are of the MOSFET (Metal Oxide Semiconductor field-effect
transistor) type, and are three terminal devices that use voltage on a gate terminal to
control the flow of current from the source to the drain terminal. This switching action
when connected in various ways to other transistors can be used to recreate the Boolean
logic gates that were shown above, and are the backbone of modern computing. However,

it can take several transistors, and a large area to create a gate.

Inverter Circuit NAND Circuit

Vvdd Vdd

Vdd
Out

Vss

Vss

Figure 3 - Circuit diagrams for CMOS interpretations of NOT and NAND logic operators Source:
http://en.wikipedia.org/w/index.php?title=File:CMOS_NAND.svg License: Creative Commons Attribution-
Sharealike 3.0,2.5,2.0,1.0 Contributors: JustinForce[5].

Currently the computer logic industry grows in accordance with Moore’s Law, which
states that the speed/number of devices on silicon chips will double every 18 months. At
this rate and assuming the scalability of current technology, Moore’s law will no longer be
achievable using current CMOS technology by around 2020([7]. For this reason it has
become increasingly important to replace the modern transistor with a new technology that
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lacks the problems we are quickly approaching for it, i.e. scalability, waste heat removal, etc.
The current unit size of a transistor is about 22nm, which already stretched the capabilities
of modern day photolithography sizes, and soon the transistor will begin to enter realms
where effects such as quantum tunneling, and other producers of noise begin to dominate.
Even with the development of 3D transistors such as the FINfet, the modern implementation

of the transistor will soon be at an end.

Several replacements have been proposed, as well as many promising proposals for
the enhancements of current technology. Many allow for the use of single electrons, or of
using polarized spin currents to transfer data. It has been suggested that the focus of the
new technology be two-fold: one design devices with lower energy consumption, two:
design devices with higher throughput in mind. Higher throughput can be achieved by
creating devices which natively perform the logical operations such as AND, OR, NOT, and
NAND, or even higher order logics such as ADDER circuits instead of having to combine many
elements to perform the task. To this end we propose the use of a multiferroic based spin

wave technology that incorporates the field of emerging field of “straintronics”.

1.2.1 Ferromagnetism

It is a well-known that some simple metallic objects contain a property that makes
them attracted to one another. When materials contain this property of perpetual
magnetism, or the ability to maintain a magnetic field without the assistance of outside
energy sources they are known to be ferromagnetic. This property is one of the states of
magnetism along with antiferromagnetism, diamagnetism, paramagnetism, and

ferrimagnetism. As this document is not meant to be an all-inclusive treatise on all magnetic



states we will limit our conversation to that of ferromagnetism, which is handily the one

most known to lay men and also the one most helpful in this discussion of applications.

The simplest model of ferromagnetism can be described by using the Bohr model of
the atom, in which a negatively charged electron is orbiting a positively charged nucleus.
Due to the Pauli Exclusion Principle only so many electrons may exists within an orbital.
Electrons themselves have a dipole term causing them to act themselves as small magnets
with a “north” and “south” end. This is an effect of the quantum property of the electron
known as its spin. Electrons can have either a spin “up” or a spin “down” property. Like
large scale macroscopic magnets, spin up electrons are attracted to spin down electrons,
and same spins will repel each[8]. Electron orbitals will fill with evenly numbered electron
that are paired, one spin up with one spin down, in the event that an orbital has an odd
number of electrons, or a number of unpaired electrons than that gains a magnetic moment
over the entire atom. Materials with these unpaired electrons are known as ferromagnetic

and can have their magnetic properties used for any number of applications.

1.2.2 Spin Waves

Spin Waves are a collective excitation of electrons in a ferromagnetic lattice. Ina
lattice system these quantized excitations are known as magnons, and represent quantized
excitations of electrons[9], much the same way that phonons represent the quantized
vibrations of the crystal lattice. When spins in an ordered ferromagnet are disturbed they

will precess around their axis. (see figure below).
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Figure 4 - Precession of spins around their axis. a) Side view b) Top view of the same system.

This motion causes a wave that can travel for microns and even millimeters under

the right circumstances. Like phonons, magnon dispersion relations are found for w with

respect to k.
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Spin Waves are typically analytically described using the Landau-Lifshitz-Gilbert (LLG)

equation. Magnetization dynamics with respect to time are written in the form of[10] :



dm %

E = —mm X [Heff + am X Heff]

Where m is the unit magnetization vector, Ms is the saturation magnetization, y is
the gyromagnetic ratio, and a is the phenomenological Gilbert damping coefficient. The Heg

term can be expanded also as follows[10]:

-

Heff =ﬁd+ﬁex+ﬁa+ﬁb

, L 24, 2K . -
Heff=—V b+ —V m+_(m'3)e+Hpulse
M; M;

When a wave packet approximation is used then the magnetization component can
be solved. So a wave packet with Gaussian distribution of wave vectors centered around kO
propagates in the y-direction the magnetization amplitude is given by[10]

Ce —% [—Sz(y—vt)z
el4(6*+B%t))] x cos(kyy — wt + ¢)

My _ 64 +ﬁ2t2

This gives a very good result especially when fitted to experimental data, as
Covington et. al. [10]was able to do when exciting localized spin wave packets in a permalloy
film. The result shown below from that work, shows an almost perfect overlay of
experimental and theoretical values, establishing that the LLG equation provides an

excellent resource for understanding and predicting spin wave phenomena.
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Figure 6 - Work by Covington et. al. [10]showing theoretical and experimental overlay of data for time-
resolved spin wave experiments. Dots in the graph represent experimental data and the solid black lines
represent simulation data. Results are shown as detected by 5 different waveguide detectors placed at 10, 20,
30, 40 and 50 um away from the excitation waveguide represented as 0 um. “Reprinted figure with permission
from: M. Covington, T.M. Crawford and G.J. Parker, Physical Review Letters, 89, 237202,2002. Copyright 2002
by the American Physical Society.”

1.2.3 Magnonic Holographic Devices

1.2.3.1 Current Spin Wave Device Designs

Since 2005 there has been several designs and realization of spin-wave logic
devices that have been made public. The first of these is based on Mach-Zehnder type spin
wave interferometer[11]. This logic device design utilized a power splitter, and two
controlled phase shifters that lead into a ferromagnetic mixing device. Inside the mixing
device the signals from each of the controlled phase shifters is able to either constructively
or destructively interfere and the output read from the device is just the amplitude of the
signals. Using this scheme it is possible to construct both NOT and XOR gates, as seen in Fig.
6, and the experimental device operated stably at room temperature at frequencies of

about 7 GHz.
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Figure 7 - Mach-Zehnder Type Spin Wave Interferometer. a) Diagram showing components of interferometer.
b) A diagram showing the layout of the planar spin wave device with the intent to transmit MSSW Spin Waves
from one antenna to another. C) similar to b, but with the intent of transmitting BVMSW. e)Graph showing the
relationship between phase-shifts in the devices signal and current. f) Graph showing output in dB of a device
with respect to frequency. The dashed line is the result of current applied to cause a phase shift in the signal.
"Reprinted with permission from [11]. Copyright 2005, AIP Publishing LLC."

This scheme makes use of two different types of spin wave to perform different
logical operations, Magnetostatic Surface Spin Waves (MSSW) being used for the logical XOR
argument and Backward Volume Magnetostatic Spin Waves (BVMSW) being used for the
logical NOT. Although it was shown that both types of waves could be used in both

operations.

Another proposed method, related to the first uses a similar style of
interferometer to create universal gates [12]. This design uses the same Mach-Zehnder style
interferometer to create constructive and destructive interference, but proposed is both a
smaller design (on the order of nanometers) and the use of permalloy instead of YIG
waveguides. Like the previous design a single element could be used to produce a logical
NOT device. In this device a bifurcated waveguide is split by a nanoscale conducting wire
(see Figure 7). When there is no current present in the wire then the two branches of the
waveguide constructively interfere and the output is one. When a currents density of 2 x

10™A/m’ (which represents a logical state of 1) is applied to the conducting wire a phase

11



shift occurs causing the magnetic signal to destructively interfere and thus yielding an
output of zero. Thus the output of the magnetic state in such a system is always the inverse
of the input of the current carrying wire. It should be noted as shown in figure 7 that these

devices can require as much as almost a full ampere of current to result in a phase shift of .

This setup can be further enhanced by placing units in both series and
parallel. By placing the units in series it is possible to realize NOR logic and by placing units

in parallel the observed logic is NAND, thus making these connections universal.

NOR Input | Output
Iy Iz A
g 0 1
Inverter 0 L 0
L D 0
A i)
MNAND
ﬁ Input | Output
Iy Iz A
=0 A=1 D — o 0 0 1
I=l, A=0 0 L 1
L O 1
&) cul o

Figure 8 - Shows Mach-Zender Interferometer diagram as well as logic associated with both single and cells as
well as cells setup in parallel and series. (Diagram from Khitun et al, J. Phys. D, Apply. Phys. (2010)) © IOP
Publishing. Reproduced by permission of IOP Publishing. All rights reserved

A third proposed field utilizes phase-based logic implemented through ACPS style

waveguides positioned over a spin wave bus (see figure 9) [13], [14].

12



a) b) Cross-Plane View
ACPS ling ACPS Ine ACPS line

ACPS Ing ACPS Ine ACPS ling
toexcile spnwave 1o detect the inductive voltage  to eacile spinwave

Jome ma my

© 000000800060 04900-60

Ferromagnatic film " Spinwive

Figure 9 - a) top view of ACPS resting on top of a ferromagnetic film that is utilized as a spin-wave bus b) Side
view with overlay of spin wave in ferromagnetic media. “A. Khitun and K. L. Wang, “Nano scale
computational architectures with Spin Wave Bus,” Superlattices Microstruct., vol. 38, pp. 184-200,
2005., with permission from Elsevier.”

Information is stored in the phase of the spin wave with 0 representing the “off”,
state (0) and i representing the “on”, state (). Several different logic gates can be
constructed via this method. For example the implementation of a NOT gate, or an inverter
circuit only requires that the length of the waveguide be half of the wavelength of the
excited spin wave, thus any initial phase will be 90° out of phase upon reaching the output
(see figure 9). Also a structure can be constructed that allows for the making of a majority

gates[15].

The group also presents some experimental data, of which a selection is shown
below that shows the inductive voltage response to in-phase and out-of-phase devices at

different frequencies.

Majority gates in this design are simply three terminal devices in which the input is
either 1 or 0 and the output matches whatever input is most common over the three input
terminal. This “voting” style of logic allows for much higher order logic than is observed with

simple Boolean algebra and allows for more input terminals.

All of the designs mentioned above make use of a similar excitation method.

The use of a microstrip antenna is used to excite spin waves in a ferromagnetic medium.
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This design has numerous advantages including ease of design and manufacture. However,
this design ultimately is a strong limitation for the future use of spin wave devices.
Microstrip antennas have several problems within spin waves systems, the two most
important being efficiency and scalability. Microstrip antennas work by coupling with the
ferromagnetic media to create a spin wave signal, however, microstrips can also produce
direct coupling with each other. This “cross-talk” can be many times the amplitude of the
spin wave signal and the best way to avoid it is simply by placing the antennas far enough
apart that they do not interfere as strongly[16]. However, as devices scale down it would
become increasingly important to place antennas near each other, enhancing this direct
coupling and eventually causing the spin wave signal to be unreadable. As for efficiency,
using these microwave antennas to excite spin waves only converts approximately 1% of the
energy supplied to the microstrip into spin waves. This incredibly low-yield takes away one
of the advantages of spin wave logic, notably its efficiency. To best utilize the design
mentioned above, and any other future spin wave device design it becomes necessary to

find a better method for exciting spin waves.

To this end synthetic multiferroics used to form magnetoelectric cells offer a
very good opportunity at solving this problem. Multiferroics are materials which exhibit
both ferroelectric properties as well as mechanical piezoelectric properties. In the case of
spin waves it would be desirable to have devices that could change a magnetic state via
voltage control and preferably with higher efficiency than is observed with microstrip
excitation methods. To this end, “synthetic” multiferroics have been utilized to change
magnetization states. The term synthetic is used here to denote materials that work due to
an interface between two different materials, so as to gain a coupling between the

piezoelectric and ferromagnetic effect, as opposed to “natural” multiferroics whose inherent
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structure within one material exhibits both of these properties. In this proposal we will
consider the multiferroics system of nickel thin films deposited onto PZT (Lead Zirconium
Titanate) films. PZT is a well-known piezoelectric material that is used in a wide range of
research and commercial applications. Nickel is a magnetic material that exhibits a
magnetostriction effect[17], in short, when strain is applied to nickel film it results in a
change of its magnetic state and vice versa[18]. Many studies have been conducted on this
PZT/Nickel system and its properties are now well known. The Carmen group at UCLA has
gone so far to show the reversal of a bi-stable element of nickel deposited on top of a PZT
substrate that is capable of both controlled domain wall motion [19] as well undergoing a

complete magnetic reversal[20] by applying voltage across the multiferroics device.

100nm Ni
1.28um PZT

(a) {b) c) 1°

oy

S00pum Si Wafe

= Py Electrode
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Figure 10 - Results from Carmen group publication. a) Layout and SEM image of structure. c) Domain wall
motion due to applied electric field. c) Complete reversal of Nickel nanomagnet showing bi-stability.
“Reprinted with permission from T.-K. Chung, S. Keller, and G. P. Carman, “Electric-field-induced reversible
magnetic single-domain evolution in a magnetoelectric thin film,” Appl. Phys. Lett., vol. 94, no. 13, p. 132501,
Mar. 2009. Copyright 2005, AIP Publishing LLC."

This capability has led to research into this type of structures ability to create
oscillations within a ferromagnetic media, and such spin wave excitations have recently
been observed. Recently another group has shown excitation of spin waves[21] using these

multiferroics elements to both create spin waves as well as detect them.
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Figure 11 — A) a schematic depicting the excitation and detection of a spin wave signal via multiferroic
elements. B) Experimental data obtained from a Network Analyser depicting the read-out of the analyser as a
function of the applied magnetic field strength and direction.

With this in mind it is easy to expand upon this to design magnetoelectric cells,
which we propose to use in conjunction with spin wave buses to create logic. Shown below
is a design of majority gate utilizing magnetoelectric cells to excite spin waves and using
phase-based logic to interfere and form the function of a majority gate[22]. The design
allows for easy incorporation into modern technology as it still uses already commercialized
materials and standard photolithography processing. Since the input and output of the
device is nothing more than voltage, these devices can be incorporated into hybrid

CMOS/straintronics systems.
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Figure 12 - Diagram of Magnetoelectric cells being used in a Majority Gate spin wave system, accompanied by
truth tables, where rtis used to denote the tyical “on” or 1 state. "'Reprinted with permission from [22].
Copyright 2010, AIP Publishing LLC."

The electric field required to switch these elements is on the order of Y1MV/m and
allows for much higher efficiency for the excitation of spin waves, since the magnetoelectric
elements use a piezoelectric effect to efficiently mediate force to the magnetic elements.
This eliminates the problems of direct-coupling between devices as well since there will be

no wireless communication elements.

1.2.3.2 Proposed Magnonic Holographic Device Design and Features

Spin waves have played an important role in magnetics research for the better part
of the last century, as well as providing exciting and unique research opportunities in the last
decade. Much of this research has been driven by interest from the spintronics community
and has led to much deeper exploration of both theoretical and experimental phenomena.
Phenomena such as: spin wave interferometry[23], multiferroics[24] and magnonic

crystals[25], [26]. And as such, many proposed devices utilizing magnetization dynamics
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including spin wave technologies have been proposed[27][12], [28]. Interest in nanoscale
magnetic phenomena has implications far outside the field of spintronics as understanding
and control of dynamic magnetization could have interesting impacts in proposed
technologies in the fields of cellular biology[29], [30], MRI[31], and microwave
technologies[32], just to name a few. To-date one of the many shortcomings of magnetic
device technologies is both a reliance on Amperian fields, as well as a difficulty in efficiently
performing read-out of a magnetic state[33][34]—[37]. To wit, devices with high sensitivity
to changes in magnetic state are desirable, as currently most reading of micromagnetic
objects is done using either Magnetic Force Microscopy (MFM) or Giant Magnetoresistance
(GMR) probes, which while accurate require physical manipulation to work effectively.
Recently the spin wave community has begun taking a great interest in spin wave
interference[23], [38]-[41][42], with several devices utilizing the phenomena being
proposed. Borrowing much from the research involving light interference the recently
developing field of spin wave interference has the potential to open many doors into the

understanding of spin waves.

Spin waves like all other wave phenomena have the ability to form interference
patterns, and borrowing from the language of optics, interference patterns in which the
wave interferes with an “object” are referred to as holograms. Holography is usually
associated with images being made from light; however, this is only a narrow field of
holography. Any interfering coherent wave source can be used to form a hologram, and
several technologies exist utilizing the detection of objects using acoustics waves, seismic
waves and microwaves. And indeed the first proposal of holography by Dennis Gabor
intended for the use to be with coherent electron waves[43]. Magnonic Spin Wave

interference devices have been proposed and tested, as designed in previous works, in
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which Spin Wave Interference (some refer to spin waves as magnons, the quasiparticle
representation of a spin wave) is used to detect a spatially non-uniform magnetic field in
close proximity to a ferromagnetic waveguide. One proposal suggests the utilization of a
ferromagnetic element placed on a grid of waveguides to create a local non-uniformity for
the realization of a highly efficient, highly parallelized memory device[44]. This device design
constitutes a Magnonic Holographic Matrix (MHM) device and has several unique properties
including the use of spin wave bus, a similarity to nanofabric designs[45], and the ability to
use as well as study spin wave interference, using common materials as well as being

performed at room-temperature.

Recently proposed in literature was the idea of a new form of spin wave
interference device which took advantage of magnonic holography as it’s mechanism for
work. Holography is usually associated with images being made from light; however, this is
only a narrow field of holography. Any interfering coherent wave source can be used to form
a hologram, and several technologies exist utilizing the detection of objects using acoustics
waves, seismic waves and microwaves,. And indeed the first proposal of holography by
Dennis Gabor intended for the use to be with coherent electron waves[43]. Interest in this
structure stems from early experiments conducted by Kozhanov[42], who explored
properties of spin wave propagation within a CoTaZr ferromagnetic cross structure that
exhibited spin wave interference effects. Also within the community of spin wave
interference that has been much interest in the design of spin wave devices that are both
non-reciprocal as well as low in energy, which the results provided will explore. The cross is
tangentially magnetized, so predominant modes of spin wave propagation should be
Magneto-static Spin Waves as well as Backwards Volume Spin Waves, but this in turn arises

an interesting question. Since the junction of the cross represents a scattering area for the
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propagating spin waves, in what way will the spin waves propagate, if at all into orthogonal

arms.

This is especially of interest to the community as there have been several studies
recently of spin waves around bends and “turning a corner”. Several interesting questions
arise in a system such as these, such as the efficiency of propagating waves to turn a corner,
as well as the ability of the spin waves, to change direction not only spatially with regard to
the original direction of propagation but also with regard to the direction of the applied field.
Studies in cross devices have centered on some of these propagation characteristics, and
thus our study shall begin with some characterization of the device using only the junction as
the scattering area. The schematics of MHM are shown in Figure 13. The core of the
structure is a magnetic matrix consisting of the grid of magnetic waveguides with nano-
magnets placed on top of the waveguide junctions. Without loss of generality, we have
depicted a 2D mesh of orthogonal magnetic waveguides, though the matrix may be realized
as a 3D structure comprising the layers of magnetic waveguides of a different topology (e.g.
honeycomb magnetic lattice). The waveguides serve as a media for spin wave propagation —
spin wave buses. The buses can be made of a magnetic material such as yttrium iron garnet
Y;Fe,(FeO,)s (YIG) or permalloy (Nig;Feis) ensuring maximum possible group velocity and
minimum attenuation for the propagating spin waves at room temperature. The nano-
magnets placed on top of waveguide junctions are the memory elements holding
information in the encoded in the magnetization state. The nano-magnet can be designed to
have two or several thermally stable states for magnetization, where the number of states
defines the number of logic bits stored in each junction. The spins of the nano-magnet are
coupled to the spins of the junction magnetic wires via the exchange and/or dipole-dipole

coupling affecting the phase of the propagation of spin waves. The phase change received by
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the spin wave depends on the strength and the direction of the magnetic field produced by
the nano-magnet. At the same time, the spins of nano-magnet are affected by the local

magnetization change caused by the propagating spin waves.

” Nano-magnet -
~ | memory element

A) 1
!
IO ports
1O ports
porls
110 ports
Substrate RF

Source

B)

Input

Ay, ¢y NN

Figure 13 — (A) Schematics of Magnonic Holographic Memory consisting of a 4x4 magnetic matrix and an array
of spin wave generating/detecting elements. For simplicity, the matrix is depicted as a two-dimensional grid
of magnetic wires with just 4 elements on each side. These wires serve as a media for spin wave propagation.
The nano-magnet on the top of the junction is a memory element, where information is encoded into the
magnetization state. The spins of the nano-magnet are coupled to the spins of the magnetic wires via the
dipole-dipole or exchange interaction. (B) lllustration of the principle of operation. Spin waves are excited by
the elements on one or several sides of the matrix (e.g. left side), propagate through the matrix and detected
on the other side (e.g. right side) of the structure. All input waves are of the same amplitude and frequency.
The initial phases of the input waves are controlled by the generating elements. The output waves are the
results of the spin wave interference within the matrix. The amplitude of the output wave depends on the
initial phases and the magnetic states of the junctions' Reprinted with permission from [44]. Copyright 2005,
AIP Publishing LLC.".

Estimates exist on the devices effectiveness, with several predictions being made as

to potential applications as well performance. To benchmark the performance of the
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magnonic holographic devices, we apply the charge-resistance approach as developed in Ref.
* The details of the estimates and the key assumptions are given in literature. According to
the estimates, MHM device consisting of 32 inputs, with 60nm separation distance between
the inputs would consume as low as 150uW of power or 72f) per computation. At the same
time, the functional throughput of the MHM scales proportional to the number of cells per
area/volume and exceeds 1.5x10" bits/cm?/s for 60nm feature size. It is interesting to note,
that holographic logic units can be used for solving certain NP class of problems (i.e. finding
the period of the given function). The efficiency of holographic computing with classical
waves is somewhere intermediate between the digital logic and quantum computing,
allowing us to solve a certain class of problems fundamentally more efficient than the
general-type processors but without the need for quantum entanglement *. Image
recognition and processing are among the most promising applications of magnonic
holographic device exploiting its ability to process a large number of bits/pixels in parallel
within a single core. Of great interest is the idea to combine the efficiency of multiferroic
elements with the multi-frequency capability of other wave based proposals. A device of
this sort would be completely voltage driven, capable of integrating with current produced
devices, extremely efficient, as well as having a data throughput that is potential far higher
than that of standard CMOS circuitry. This style of device since it offers the greatest
potential as a beyond CMOS device will be the focus of the research presented here-in.
Section, we discuss the fundamental limits and the technological challenges of building

multi-bit magonic holographic devices and present the estimates on the device performance.

The advantages of using YIG for spin wave research are well known and have been
established[46]. The length of the whole structure is 3mm, the width of each arm of the

waveguide is 360um with a thickness of 3.6um. To excite spin waves, micro-antenna
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structures have been fabricated at the edges of each arm. Microwave voltage signals can be
transmitted and received using the micro-antenna structures, and spin waves are excited by
the well-established inductive voltage method. The input and the output micro-antennas are
connected to a Hewlett-Packard 8720A Vector Network Analyzer (VNA). Since the basic
prototyped structure requires a wave front that has the same frequency and amplitude,
signal from the VNA is split across all the exciting antennas, resulting in an equivalent signal
for all output structures. To conform to standard optical language we refer to the magnetic
element as the “magnetic object”, and it represents an analog to the optical object
reconstructed in an optical holograph. The objects in our example are small microscale
ferromagnetic elements with a length of 1.1mm and a width of 360um, and a coercivity of
200-500 Oersted (Oe), produced on a silicon substrate with a cobalt based magnetic thin
film produced via plasma sputtering by Paramount Sensors. However, any variety magnetic
elements could be used including multistate ferromagnets and electromagnetic field
producing wires. The phase change received by the spin wave depends on the strength and
the direction of the magnetic field produced by the magnetic object, as a result of the

localized change in the external magnetic field.

The VNA generates an input RF signal up to 20 GHz and measures the S-parameters

showing the amplitude and the phases of the transmitted and reflected signals.

We start the discussion with the choice of magnetic material for building spin
waveguides. Spin wave transport in nanometer scale magnetic waveguides has been
intensively studied during the past decade[10], [47]-[49]. There are two most popular
magnetic materials: permalloy Nig;Fe;q and YIG used for spin wave devices prototyping. The
coherence length of spin waves in permalloy is about tens of microns at room temperature

[10], [47], while the coherence length in a non-conducting YIG exceeds millimeters[46]. The
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attenuation time for spin waves at room temperature is about a nanosecond in permalloy
and a hundreds of nanoseconds in YIG [46]. However, the fabrication of YIG waveguides
require a special a special gadolinium gallium garnet (GGG) substrate. In contrast, a
permalloy film can be deposited onto a silicon platform by using the sputtering technique.
Though YIG has better properties in term of the coherence length and a lower attenuation,

permalloy is more convenient for making magnonic devices on a silicon substrate.

The system proposed is sensitive to the phase of the spin wave signal, and the final
output intensity is a result of the accumulated phase shift. Magnonic waveguide systems
have an inherent phase shift within the system, where the phase output is determined by k,

the wave vector as[50]
d=K-l+¢g

Here L is the distance the spin waves have traveled through the waveguide. The
phase difference, A¢p = ¢ — ¢ , is also affected by any spatially non-uniformity within the
magnetic field. The ferromagnetic elements within the system, our “magnetic objects” thus

contribute an additional factor to the natural accumulated phase output as

Tr
ﬁ
Ap = k-L+ | k(Hy)dr
0

Here the additional term is an integration of a new wave vector that is a function of
the strength and the direction of the local magnetic field provided by the magnetic object H,,
the additional term shows the sensitivity of the output phase to the local magnetic field.
The ferromagnetic elements thus are producing spatial non-uniformity locally on the device

which results in a determinable phase shift. H,, is a term that is sensitive both to the modes
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of the spin wave as well as a variety of other factors. The two predominant modes of spin
waves used in device research are those resulting from a tangentially applied magnetic
field[51], known as Backwards Volume Magnetostatic Spin Waves (BVWSM) and
Magnetostatic Surface Spin Waves (MSSW). Using these modes it can be determined the
amount of phase shift that both modes of spin waves will experience, and can be described

thusly[52][53]:

Ap_ L (A) + o
oH d2ny’M H’

(BVSM)

Agp I y(H+2aM))
OH dow —y' H(H+47xM )

(MSSW)

In the above equation M _ is the saturation magnetization, y is the gyromagnetic

ratio, / is the phase accumulation length and d is the thickness of the device. With the
amount of phase shift given above, two questions of great import are how much phase shift
is necessary, as well as what is the intensity coefficient for the output signal since that is the
typical established measured output of a holographic system. The minimum phase shift
necessary is typically thought to be a full radian shift in the phase, though smaller shifts may
still be utilized, and is found by taking the derivative of wave vector with respect to k,
resulting in an equation that relates the wave shift to the reciprocal of the group velocity,

Vg.[54]
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For spin wave interferometry the intensity transmission coefficient can then be

written as[54]:

B sinh(rd)?
~ sinh(mkd)? + sinh(7A)?2

Lo

In order to make a multi-bit magnonic holographic devices, the operating
wavelength should be scaled down below 100nm [44]. The main challenge with shortening
the operating wavelength is associated with the building of nanometer-scale spin wave
generating/detecting elements. There are several possible ways of building input/output
elements by using micro-antennas[10], spin torque oscillators[55], and multi-ferroic
elements [56]. So far, micro-antennas are the most convenient and widely used tool for spin
wave excitation and detection in ferromagnetic films[47]. An electric current passed through
the antenna placed in the vicinity of magnetic film generates a magnetic field around the
current-carrying wires, which excites spin waves in the magnetic material. And vice versa, a
propagating spin wave changes the magnetic flux from the magnetic waveguide and
generates the inductive voltage in the antenna contour. The reducing the size of the
antenna will lead to the reduction of the detected inductive voltage. This fact limits the
practical application of any types of conducting contours for spin wave detection. The
utilization of spin torque oscillators makes it possible to scale down the size of the

elementary input/output port to several nanometers. The main challenge for the spin
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torque oscillators approach is to reduce the current required for spin wave generation. More
energetically efficient are the two-phase composite multiferroics comprising piezoelectric
and magnetostrictive materials [57]. An electric field applied across the piezoelectric
produces stress, which, in turn, affects the magnetization of the magnetoelastic material.
The advantage of the multiferroic approach is that the magnetic field required for spin wave
excitation is produced via magneto-electric coupling by applying an alternating electric field
rather than an electric current. For example, in Ni/PMN-PT synthetic multiferroic reported in
Ref. [58], an electric field of 0.6MV/m has to be applied across the PMN-PT in order to
produce 90 degree magnetization rotation in Nickel. Such a relatively low electric field
required for magnetization rotation translates in ultra-low power consumption for spin wave
excitation [22]. At the same time, the dynamics of the synthetic multiferroics, especially at

the nanometer scale, remains mainly unexplored.

1.3 Research Objectives

While research exist on spin wave devices, no current realization of magnonic
holographic matrix devices has been done from an experimental viewpoint. It is thus the
focus of my research to provide the first experimental works with this focus in mind. The

objectives of the research proposed are as follows:

- Carry out experiments pertaining to the development of an appropriate

multiferroic substrate and element
- Carry out experiments characterizing such a substrate and/or element

- Further experimental knowledge pertaining to the characteristics of a spin wave

cross and spin wave propagation in such a structure

- Obtain first experimental realization of a Magnonic Holographic Matrix Device
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- Characterize and study the effects of magnetic objects on an MHM device signal

In conclusion we plan to construct synthetic multiferroics elements that can
be used to both excite and detect spin waves. By combining these elements with the well-
established technology of the spin wave bus we will be able to build devices in which
multiple ME elements interfere and thus are able to form a MHM device. Also included in
this research will be the study of the spin waves when excited via this method as well as the
exploration of spin wave interference and magnonic holographic techniques. Due to this
designs ease of manufacture, great possible efficiency and ability to scale we believe this
structure to be a good candidate for a technology to eventually phase out current CMOS

processing as we know it and go well beyond 2020.
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2 Fabrication of Spin Wave Devices

2.1 Overview of Facilities

Devices were constructed in primarily two facilities. Permalloy style devices were
constructed at the University of California — Riverside (UCR), using the shared facilities made
available at the Center for Nanoscale Science and Engineering (CNSE). This facility supports
both a class 100 and class 1000 cleanroom area and has full support for photolithography,
electron beam lithography, metal and dielectric deposition processes, as well as a host of
characterization techniques available to users such as Tunneling Electron Microscopy,
Scanning Probe Microscopy, Scanning Electron Microscopy and Ellipsometry. The facilities
are made available to faculty and staff at UCR using a fee-for-services model, and were the
predominant processing location. Additional processing (wafer dicing and focused ion
beam) were also done on occassion using the shared facilities at the University of California

— Los Angeles (UCLA).

Yttrium lron Garnett (YIG) device fabrication was performed using the facilities at
the Kotel’nikov Institute of Radioengineering and Electronics a facility of the Russian

Academy of Sciences located in Saratov, Russia.

2.2 Materials Selection

It should be noted that two different styles of single cross and double cross
structures were constructed. The first set of devices were fabricated using YIG while the

second devices were fabricated using a Nickel-lIron Compound known as Permalloy (Nig;Fe;s).

Both materials are commonly used in spin-wave studies and are popular within the
community for microwave oriented studies. Each material has advantageous and
disadvantageous, some of which it is prudent to mention outright, so as to make some

careful distinction in the reasons for size dimensions and fabrication methods in each style
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of device. YIG is an insulating, crystalline material. It has very little in the way of scattering
defects and is one of the best materials for studying spin wave propagation over a long
distance, as spin waves can propagate in the material several millimeters. As such, devices
constructed with this technique are constructed to the size of several millimeters in scale,

and antennas are added using a unique procedure described below.

Permalloy is also a well-known material for spin wave studies with a near
zero coercivity, it has excellent dampening parameters, but it is a conducting material. As
such it has more scattering points for spin waves and requires insulation when electrically
conductive spin wave excitation methods are utilized. As such additional insulation is used
and the devices have been built at a smaller scale (to the order of 10’s of microns). Both
devices still have their excitation method in common and the use of both materials allow for
a comparison of the material properties, and some idea of an ideal material for use in both
industry and research. A comparison of devices constructed using both materials are

offered in later sections for the interested reader.

2.3 PZT Substrate Preparation

One of the stated goals of the research plan is to establish methods using
multiferroics to send dynamic magnetization signals (magnetic spin waves) along a selected
route, while affecting and/or detecting magnetic elements along this established route, and
to study the interaction of these “spin-wave devices”. In our case a magnetic signal would
be generated using a small AC signal applied to a multiferroic element and then studying the
interaction of elements exposed to the generated waves by reading in subsequent signals
received either by an antenna or another multiferroic element. To begin we began

producing a piezoelectric substrate on which to make multiferroic devices. This substrate is
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made from Lead Zirconate Titinate (PZT) via a spin-coating method followed by an annealing
process to allow the coating to align to the correct crystal orientation, in this case a <111>
orientation. The substrate was produced by using a fused silica substrate or an n-type Silicon
substrate, coated with platinum, and finally covered by a Lead-Zirconate-Titanate (PZT) layer.
The recipe followed will be similar if not identical to the recipe provided by the Carmen
group at UCLA [19]. This recipe was also confirmed and discussed by Dr. Kin Wong, who had
first-hand experience with the recipe and provided many details concerning the making of

the PZT sol-gel.

Starting with a quartz substrate, approximately 100nm of Platinum (Pt) is deposited
onto the quartz substrate. This is accomplished via e-beam deposition, as it is readily
available and fairly wuick when using that technique. The PZT layer is deposited on top of
this layer. It should be noted that this differs from the exact Carmen group recipe in that
they usually deposit 10nm of Titanium (Ti) before also depositing the PZT. Any problems
might be related to that. Heating and annealing were then performed prior to coating, so as
to release any thermal stress that might occur later in the process. The wafer was baked at
150°C on hotplate for 5 minutes, then at 300°C for approximately 5 minutes. This can be
performed in an open atmosphere. A final annealing at 700°C then occurs and the wafer
was allowed to cool down for approximately 10 minutes (until cool). The sol-gel of PZT (10%
by weight solution) was then spin coated on at a rpm of approximately 4000rpm — 7000rpm
depending on the desired thickness. The higher the rpm’s the thinner the coating. This also
differs from the Carmen group recipe, as they spin coated at 500rpms for 5s followed by
1500rpms for 30s, before annealing. Necessary times were determined by experiment.
Carmen’s group repeated the process 4 times to create a 1.28um layer. So it can be

assumed that one run using Carmen’s recipe will produce a layer of approximately 300-
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400nm. Either way, on the first attempt 4000rpm was deemed sufficient, so 500rpm for 5s
and then 4000rpm for 30s, before annealing/heating. These higher rpm’s do seem to agree
with another publication (Processing Effects in the Sol-Gel Preperation of PZT Dried Gels,
Powders, and Ferroelectric Thin Films, 1992), though heating times differ, between
publications. After spin-coating the material is dehydrated on a hotplate at 150C for 5
minutes, and then pyrolyzed at 350C for 5 min on a hotplate. After this the wafer is
annealed in oxygen for 3-5 minutes (depends on thickness) at 700C. This should complete
the process of creating the wafer, below is a breakout chart, showing the entire process

graphically.

1. Platinum *100nm of Pt - E-
. . beam Evaporated
Coating onto Si02 Wafer

eHot plate 150C, 5
2. Thermal min

Relaxation of eHot Plate 350C, 5

. min
Pt/SiO2 Substrate «Anneal 700C, 305

*Spin PZT
3. Sol-Gel Spin 500rpm 5s,
Coat of PZT 4000rpm 30s

eRepeat step 2

Figure 14 - Graphical Breakout of PZT Substrate, showing the original proposed process from the Pt deposition
step onward.

The initial recipe showed several processing problems when completed. The most
obvious was due to poor adhesion of the platinum layer to the substrate, whether using
fused silica or standard silicon substrates. Pinholes and cracks were very apparent,
especially due to the thin nature of the films. In some samples, complete separation of the
films was observed. On samples where the film did not completely anneal we attempted to
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gain some insight both in quality and composition by utilizing a technique known as
ellipsometry. Ellipsometry is a non-destructive [59] [60]non-linear [61], model based
technique that utilizes elliptically polarized light to measure properties of samples. Ina
typical ellipsometry setup, a polarizer is placed in a beam of light; the polarized light has field
components in the S and P direction (parallel and anti-parallel). This light, when interacting
with the sample, undergoes changes in intensity (due to absorption) as well as changes in
phase and polarization well described by Fresnel equations[60]. Ellipsometry is an indirect
method that then requires the data be compared to a model, either determined through
calculation of the optical effects or through empirical built models obtained by careful

measurement of known samples.

Light
Source

Polarizer

Elliptically Polarized Light

Figure 15 - Diagram showing typical ellipsometry setup as well as orientation of the ellipsometry beam.

Spectroscopic ellipsometry, uses these same techniques; however it can incorporate
the use of multiple wavelengths of light. By scanning through a variety of wavelengths it is
possible to determine a wavelength dependent factor that can be utilized for better

accuracy as well as modeling. This technique has been used for ultra-thin samples in
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research [62] as well as clear samples [63]and is somewhat akin to polarimetry

measurements.

Ellipsometry is an indirect method, meaning that data will not just be collected from
the source machine for direct analysis but will also be compared to models produced by the
user through empirical methods. This has the advantage of producing models that match
the process being used directly and can account for any discrepancies that the
mathematical-based model might not be able to account for. It also means that once a
model is developed, all samples can be compared directly to the model and passed/failed

based on their performance without having to analyse each sample’s individual data.

The advantages of the method are numerous. First, there is the great deal of
accuracy due to the fact that ellipsometry is able to measure fractions of a nanometer for
ideal samples. Second, there is the ability to distinguish between multiple coatings from one
single measurement. Ellipsometry has the ability to simultaneously measure film thickness

as well as quality of multiple coatings through a single measurement.

This technique is also high-speed[64] and non-destructive. Each point taken in a
measurement can be taken in as little as 20 milliseconds. Measurements taken using the

RC2 ellipsometer can be taken in as little as 0.3 seconds.
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Figure 16 - The image on the left is a microscopy image showing an abundance of pinholes. The figure on the
right is the ellipsometry results. The blue line is the Delta results and the red line is the Psi result. The solid
line is the expected curve, while the dotted lines represent the measured results.

The processing of the films was improved through superior cleaning protocols as
well as the addition of a Titanium adhesion layer with a thickness of 10 nm and through a
better heating protocol that allowed for more thermal relaxation in the process. Aggressive
cleaning protocols were undertaken, and are outlined below. Wafers were selected with n-
type doping in a <100> crystal orientation. This allowed for superior adhesion and growth
characteristics for our samples as well as for simplicity in processing as diamond scribing
techniques could be used to make smaller substrates without the need of either a scribing
machine or wafer dicing apparatus. All Silicon wafers used in these experiments were single

sided polished (SSP) with a thickness of 500 micrometers and of Semi-Prime Grade. While
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wafers were usually provided in an unhandled, “clean” state to observe best practices as
well as gain the utmost control in the later processes, wafers were cleaned using a standard,
but aggressive technique to remove any possible contaminants. The wafer cleaning process
was as follows. A mixture of Sulfuric Acid (H,SO,) and Hydrogen Peroxide (H,0,) was mixed
with a 4:1 ration. This mixture is colloquially known as a Piranha Etch and is an exothermic
acidic reaction with that also performs oxidation. The reaction is noticeable exothermic,
producing temperatures in excess of 80 degrees Celsius on some occasions and is an
excellent remover of any organic residue that might be contaminating a wafer. The chemical

reaction can be written as

HzSO4 + HzOz - sto5+H30++HSO4-+O

This reaction utilizes acidity, dehydration, and strong oxidation to remove organics
and is even capable of removing carbon residue, and noticeably difficult material to remove.
It is a standard chemical mixture used within the microelectronics industry. Wafers were
submerged in a fresh mixed Piranha Etching solution for 10 minutes, being placed carefully
and slowly in the solution as to avoid possible cracking/damage due to thermal shock. After
ten minutes wafers were moved to another cleaning solution this time, Hydrochloric Acid
(HCI). Wafers were placed in a solution of HCI to remove any possible metallic residue that
might have been contaminated their surfaces. After 10 minutes wafers were removed and
placed in the final solution, phosphorous buffered Hydrofluoric Acid (BHF) also known as
Buffered Oxide Etch (BOE). This solution is ideal for removing dielectrics that may be on the

wafer, but more specifically it removes the approximately 10 nanometer coating of silicon
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dioxide that tends to form on the surface of a Silicon wafer over time. The wafers were
placed in this solution for approximately 10 seconds, before being removed, rinsed with
Deionized water and blown dry using nitrogen gas. If wafers were to be immediately
oxidized using PECVD then they were placed in the Ultraviolet Oven to better improve oxide
growth and adhesion characteristics, otherwise the wafers went on to other processing step

outlined later in this chapter.

Outline of Wafer Cleaning Process

Piranha Etch
{10 minutes)

(10 mln utes)

(10 Seconds)

Rinsed with DI Water
Dried with N2
UV Exposure for Oxide
Growth

Figure 17 - Flow chart showing the breakout of the wafer cleaning protocol.

This cleaning protocol is a standard within the CMOS setting and while perhaps
aggressive under a research setting, did produce remarkably better results. When coupled
with better heating temperatures, the use of a Rapid Thermal Annealer (RTA), as well as a
Titanium adhesion layer, thin film adhesion was drastically improved. The results (shown

below) summarize the improved quality of the film after this process was undertaken.
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Figure 18 - Top left shows a microscopy result free of deformations, top right shows the ellipsometry result
with a X? of 9, and an excellent fit. The bottom image is a profilometry result showing a step height of
approximately 650 Angstroms, which agree very well with the ellipsometry result.

After establishing the quality of the substrates it was necessary to fabricate nickel
magnetic prototype structures using Electron Beam Lithography (EBL). Electron Beam
Lithography is a lithographic technique identical to photolithography, except that no mask is
necessary to perform the technique and the chemical used are sensitive to electrons instead
of light. Photolithographic procedures have a technical limit of about 800 nm, and a
fundamental physical limit with respect to the wavelength of the light. While some
techniques exist that allow for focusing of light (stepper systems), these systems are

expensive and still held to a limit that is on the order of the wavelength of light used. To

38



overcome this, electron beams can be used, identical to the ones utilized in Scanning
Electron Microscopy. Since electrons have wavelength on the order of picometers the
fundamental limit to this technique is usually associated with the chemicals used. Patterns
are created in standard CAD software and then translated into paths for the electron beam
to raster over via a controller and beam blanker. This technique allows for patterns as
accurate as 10 nm and due to the fact that no mask needs to be created it is ideal for rapid
prototyping of nanoscale devices. After exposure to the electron beam, the resist layer is

developed a standard lift-off processing can ensue.

For the deposition of metallic films the most commonly used technique in our
process was Electron Beam Physical Vapor Deposition, more colloquially referred to as
Electron Beam Evaporation (E-Beam). This technique allows for a material contained within
a crucible to be bombarded with electrons produced by an electron gun (anode) and then
aimed at a crucible full of the desired material so as to produce a molten, thermally
energized solution of material that outputs a vapor of the material into a vacuum chamber.
This material then condenses on the top of any substrate that is placed above the melt in
the crucible. For our processes graphite crucibles (Fab-Mate) were adequate for deposition
of all materials (Gold, Permalloy, Nickel, Titanium). Thickness of the deposited films can be
monitored using piezoelectric crystal monitors, which calculate the rate of deposition by
monitoring the change in frequency of the piezoelectric element that is also deposited along
with the substrate. This method is very accurate, usually resulting in thickness within 10% of
the required amount, though even more accurate measurements can be obtained. The
method does present one short fall, since the deposition method involves the melting and
condensing of a material, alloyed materials are not guaranteed to recombine in the same

ratio (due to different melting temperatures of the alloys components) as the alloy. In the
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case of Permalloy films, this leads to a potentially unusable film, as the alloy of Nickel and
Iron is designed to give the lowest coercivity possible. Due to this, electron beam
evaporated films for Permalloy had to analyzed using a Ferromagnetic Resonance technique
to insure high quality useable films, the results and nature of this technique are described in

later sections.

A test pattern was produced on top of a PZT substrate to see the adhesion of the
nickel to the surface as well as to acquire exposure times using the Electron Beam
Lithography setup. The pattern was developed in PMMA and then 10nm of titanium and
40nm of nickel were deposited and finally a lift-off was performed using a warm acetone
bath. The patterns were then analyzed using Scanning Electron Microscopy (SEM). A
scanning electron microscope (SEM) is an imaging tool used to characterize the topology and
to some extent some material properties of a sample. SEM’s use a focused beam of electron
usually produced via a high-voltage applied to a tungsten filament in a high-vaccuum. Much
like an optical microscope this beam of electrons is ejected towards the sample and then
focused using a set of magnetic “lenses” that act as an objective system, analogous to that
of the optical microscope. SEM’s then, unlike an optical setup, raster the beam across the
sample. Images are not formed by reflected electrons but by electrons emitted from the
charged surface caused by interaction with the electron beam. Depending on the material
being studied as well as the energy of the primary electron beam several different signal can
be excited from the sample, including Auger Electrons, Secondary Electron, X-Rays, and
Backscattered Electrons (see diagram below). For imaging purposes secondary electron are
of the most interest, and a secondary electron detector is located near the sample to collect
this signal and form an appropriate image. Some materials properties can be determined,

mostly conductivity of a sample from this signal, though it is mostly used for topological
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imaging. SEM'’s have the advantage of not needing to worry about achromatic dispersion
characteristics of their beams, as well as produce images with much deeper depths of focus,
creating images in which the entirety of the image is in focus. Also the SEM has the
advantage of having much smaller wavelength and therefore can produce images of with
much greater magnification, with features as small as 0.6 nm being discernable using in-lens
techniques. Prototype structures include a spin wave bridge and some nanomagnetic

squares.

EHT = 20.00 kV Signal A = InLens Date 129 May 2( EHT =20.00 kv Signal A= InLens Date :29 May 2!
WD = 6.8 mm Photo No. = 1164 Time :2:03:18 | WD = 6.9 mm Photo No. = 1166 Time :2:05:03

Figure 19 - Top left is SEM image of Ni prototype structures, top right shows 100nm wide bridge between two
structures.

We then studied the magnetic properties of the nickel patterns, along a spin wave
bridge, to better understand how magnetic domain were laid out along the structures.
Atomic Force Microscopy is a technique for determining the topology of micro- and
nanostructures. It can have accuracy to the order of several atoms. This technique relies on
silicon cantilevers that are extended from silicon cantilever holders. At the end of the
cantilever is a tip with a radius of curvature that can be as small as 10’s of nanometers. This
tip is lightly placed on the surface of the sample and then rastered across. As the tip moves

across the surface the cantilever bends depending on high changes within the topology. A
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laser is deflected off the back of the cantilever into a photodiode that is then used to
measure this deflection. From this laser deflection signal topology can be measured. One
technique known as tapping mode differs from standard AFM techniques (known as contact
mode) in that a piezoelectric is used to vibrate the cantilever tip at a frequency of several
kilohertz. When the tip comes near the surface of the sample attractive forces (Van der
Waals and electrostatic being dominant) cause a change in the frequency of vibration. This
signal change can then be used to determine the topology of the sample. If the tip is
modified with a magnetic coating then magnetic forces from the sample can also be
determined. This technique is known as Magnetic Force Microscopy and can image domains
as small as 10 nanometers in ideal conditions with appropriate tips. It should be noted that
this technique is ideal for imaging domain structures within magnetic microstructures as
well as determining magnetic properties of materials. Using Magnetic Force Microscopy we
were able to get a clear picture of the magnetic layout of the structures. Domains are clearly
visible along the bridge and at the edge of the structure. This technique also allowed us to
study some of the AFM properties the substrate which we found to have a roughness less

than 5nm, showing a very a high quality substrate.
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Figure 20 - AFM/MFM result of the structures, the MFM on the right clearly shows magnetic domains.

Once the production of the waveguides as well as the PZT substrates was completed,
the next logical step was to attempt to gain insight into the multiferroic capabilities of the
system. To do this we explored the magnetic response as DC and AC voltage was applied to
a sample. Light when reflected from a magnetic material, has a change in both reflected
angle and light intensity based on the magnetization of the media, this phenomena is known
as the Magneto-Optical Kerr Effect (MOKE). Because of this magnetic properties can be
measured by measuring optical properties while varying an applied magnetic field on the
sample. This technique allows for the detection of magnetization, as well as measurements
of coercivity and remnance of a magnetic material. The effect can be described by the

change in the speed of light using the simple formula:

<
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where Vp is the speed of light, and episilon and mu are material and magnetic

permittivity respectively. It has advantages over Vibrating Sample Magnetometry and SQUID
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measurements in that it has no moving parts, does not require low temperatures and can

accommodate fairly large samples.

Depending on the configuration of the optics as well as the applied magnetic field,
several different orientations can be measured, with the UCR setup allowing for Polar MOKE,
Longitudinal MOKE, and Focused MOKE studies, though our studies looked at only L-MOKE

since the MFM seemed to establish that this was the most likely orientation of the domains.

Samples were prepared on PZT with large nickel pads, placed within a hand-made

package to allow for biasing and then mounted inside the MOKE setup.

Figure 21 - Image of a Nickel on PZT sample inside of handmade packaging. Packaging is attached to a
standard mini-SNA connector to allow for easy AC or DC biasing/measurement. The connector is attached to a
proto-board and connector wires are soldered to the proto-board. To insure good connection between the
package and substrate a standard ohmmeter is used to check continuity.

For the DC measurements the hope was that isotropic stress produced by PZT
should promote out-of-plane magnetization alignment and hysteresis loops should become
more narrow and more tilted (HA like) with applied DC voltage. For AC the though was that
perhaps alternating anisotropic stress should promote magnetization switching and

coercitivity (hysteresis loops) should shrink with applied AC voltage.
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MOKE measurements at applied DC voltage MOKE measurements at applied RF voltage
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Figure 22 —(top-left) Voltage was applied in sequence 0V — +10V — 0V — -10V — 0V and hysteresis was measure
at each voltage. There was almost no visible change with applied voltage. (top-right) RF Voltage was applied at
frequency range 1GHz — 250 kHz. (Bottom-left) Similar to the top-right image no obvious change is visible, but
only one frequency and control comparison is shown to better highlight the similarity. (Bottom-right) RF
Voltage was applied at a frequency of 250 kHz closest to the expected resonance frequency of the structure.
The coercitivity is almost the same. A derivative was taken of the data and the peaks stay at almost the same
position.

2.4 Strain Enhanced PZT - Substrate

In the previous study we had experimented with thin-film PZT systems and
determined that the lack in change of magnetic system may be due to substrate clamping,
which was preventing the piezoelectric from straining the nickel top layer. We tried to
reduce substrate clamping using basic techniques such as patterned surfaces, high aspect

ratio devices, and back-etching to remove the substrate.
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(a) (b) (c)

Thick PZT Thick
PZT
Planar Structure —Top View Patterned cross-section Back etching cross-section

Figure 23 — Examples of proposed technologies for the reduction of substrate clamping. A) A planar structure in
which PZT “sandwiches a Nickel of Nickel-Iron layer. B) A Patterned film, where nickel and Permalloy exist as
islands on the surface. C) Back etching, which would remove most if not all of the substrate.

The first proposed structure was the planar structure design, which would sandwich
Nickel and Permalloy between two layers of PZT. It has sseveral advantages such as it places
contacts on the surface of the PZT next to the waveguide. The structure is simpler to bias,
and requires no etching. Unfortunately, this was realized to not be feasible, as the PZT layer
typically gains it’s orientation from the layer underneath it, and in the case of a nickel film,
the film would be destroyed by the temperatures required to anneal PZT. Micro-patterning
was suggested as it may allow for a reduction in clamping by removing much of the
surrounding material. However, this technique had both processing issues as well as a

biasing problem once the island type features were created.

Back Etching seemed to be the most promising since substrate clamping is the
problem, removing all or most of the substrate seemed an ideal solution, but local

processing issues caused problems.

46



5 Signal A= SE2 Date :7 Jan 2002 e
_ | — Photo No. = 3271 Time 10.26:05 3

a

Figure 24 — Mask deformation as a result of local RIE etching techniques at UCR. Deep etching caused a mask
breakdown for both Nickel and Nickel-Gold films, as such it would be nearly impossible to create the necessary
features desired for the design.

After much consideration a new structure was suggested. This structure envisioned
a patterned piezoelectric urface that would both enhance the strain that the piezoelectric
could provide but also increase the magnetic anisotropy of the magnetic layer. The hope
was to create a geometry with both enhanced strain and magnetic properties using a simple
processing technique. Structure is made similar to other samples with a Nickel Layer,
Titanium Layer (adhesion), PZT and Pt (Seed and Bottom Electrode). Structures should be
easy to create either using EBL or Focused lon Beam (FIB) Milling Technology, but FIB was
selected due to its ability to create high aspect ratio, and it’s direct writing capability. FIB
Milling is a technique that utilizes energized Gallium ions to remove (mill) away material in a
selected area. It is unique as a patterning tool, in that it is a direct patterning method,
meaning that the area is directly removed and no further processing is required to remove

material in the device/substrate.
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Figure 25 — Diagram depicting the structure refered to as “strain-enhanced” layer. While the technique
focuses on the ability to hopefully increase strain to a magnetic layer, for small structure is also has the ability
to enhance the shape anisotropy with-in the magnetic film, in this case Nickel

The most interesting results were obtained using a “strain-enhanced” PZT layer,
where sub-micrometer scale features were added using Focused lon Beam milling (FIB) to
increase anisotropy of the material. Images were obtained using a SEM which showed quite
clearly the pattern of hole that had been added to the surface. These holes or bumps, then
required both a topological study to determine depth as well as a magnetic study to see the

influence of the enhanced layer on the magnetic layer.

FIBMag= 100KX

EHT = 20.00 kV Signal A = InLens Date :13 Jan 2002
WD = 4.1 mm Photo No. = 3308 Time :15:19:16

Figure 26 - SEM image showing pattern produced in PZT substrate via Focused lon Beam (FIB) milling. The
intention of these structures is to increase anisotropy in the substrate and nickel pattern placed on top.
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After making structures it was necessary to characterize the magnetic properties of
the nickel on top of the strain-enhanced PZT substrate. Samples with nickel on top of the
strain-enhanced area were produced using electron beam lithography and electron beam
evaporation. These samples were then characterized using Atomic Force Microscopy and

Magnetic Force Microscopy (AFM/MFM).

= o Left 0 150.0 nm
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right 0 9 o

Figure 27 - AFM(left)/ MFM(right) image showing strain-enhanced topology on the AFM but no change in the
magnetization in the MFM

The first results cleary show a topology that has been modified with bumps or holes
that are approximately 100 nm deep. The holes are quite uniform and evenly spaced,
however, there appears to be no affect on the magnetic information. The MFM image
clearly shows an expected magnetic response from the nickel layer, but no clear magnetic
order that coincides with the placement of the bumps. It should be noted here that the
magnetic signal is only looking at changes from 0 to 2 degrees, and is therefore experiencing
a fairly week signal from the magnetic thin-film. It was expected that the new film may be in

a relaxed magnetic state, and so an attempt was made to magnetize the film in an out-of-
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plane direction, and thus an applied field of nearly 2 Tesla was applied out-of-plane and the

result was then expected under AFM/MFM again.

100.0 nm

1: Height

Figure 28 - Same sample as shown in figure 29, but with a 1.5T field applied in plane. After applying field the
new magnetic structure becomes apparent, and has good correlation with the AFM topology.

The results from the above figure are very promising as the not only is there an
obvious correlation between the placement of the bumps and the MFM response but the
MFM signal is much stronger. Figure 31 shows MOKE data from our setup at UCR. It is clear
that there is a hysteresis loop meaning the sample is magnetic and measurable we carried
out MOKE measurements with DC voltage applied (from OV to 20V) across PZT. There
appears to be some small change in the magnetization of the sample as we apply voltage,

and experiments are ongoing.
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Figure 30 - MOKE data from strain enhanced Nickel/PZT sample showing subtle change as DC voltage is applied
across the sample.

From this data we suspect that the magnetic media is longitudinal and we are in the
process of reconfiguring the MOKE to make such measurements while still focusing the

beam on the patterned area.

2.5 Magnonic Holographic Device Fabrication

2.5.1 YIG Device Fabrication

The Ys;Fe,(FeO,); YIG used is epitaxially grown on gadolinium gallium garnet
Gd;Gas0;, substrate with (111) crystallographic orientation utilizing the liquid-phase
transition method. Liquid Phase Epitaxy (LPE) is a common method of growth that allows for
high quality, large scale growth of pure epitaxial films. Liquid phase epitaxy (LPE) is the most
widely used method to prepare garnet films for microwave applications. In this technique
the single-crystal garnet substrate (mostly Gd;Gas0;, or GGG ) is dipped under rotation into
a supersaturated, metastable melt, and the garnet film crystallizes on the substrate. Since
this method was applied for the first time at the end of the 1960’s [3], it has become and

been the most widely used preparation technique for epitaxial garnet films.
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In the case of the LPE of the YIG films the oxide constituents of the garnet, Y,03; and
Fe,0; are dissolved in a solvent, most commonly a mixture of PbO and B,0; oxides of the
certain molar ratio where the variation of the melts composition provides growth
temperatures in the range of 900-1000 ° C [6, 7]. For a given solution composition, there is
a saturation temperature T,. Typically, the composition is chosen so that T, is about 1000°C
or less to avoid excessive evaporation of PbO from the solvent. Above T, the solution is
unsaturated; additional garnet can be dissolved. Below T, the solution is supersaturated and
garnet tends to crystallize. Fortuitously, the supersaturated state is metastable. A well-
prepared solution can be maintained at a temperature considerably below T, (say, 50° C
below) for many hours without spontaneous crystallization. During this period of time, a
substrate wafer can be positioned in the furnace, allowed to warm up to the furnace
temperature, and immersed in the solution. The substrate acts as a seed on which a garnet
film deposits. Removal of the wafer from the solution terminates the film growth. Under this
processes the crystallographic orientation of the YIG film defined by the GGG substrate. The
GGG(111) substrates with missorientation of the <111> axis and substrates normal to

within 0.1° are widely used.

The YIG film has a ferromagnetic resonance (FMR) line width of 2AH=0.50e,
saturation magnetization 4ntM,=1750G in accordance with similar devices found in literature.
The advantages of using YIG for spin wave research are well known and have been
established. The length of the whole structure is 3mm; the width of each arm of the
waveguide is 360um with a thickness of 3.6um. Laser ablation is a technique in which either
a high-energy pulsed laser or in some cases a high-energy continuous wave laser is used to
remove material from a substrate. Due to the high-dielectric properties of the YIG material,

as well as their millimeter size scale it was a superior method for patterning of the YIG films.
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Patterns are designed using standard CAD software and the laser vaporizes any material not
in the pattern design. This technique can take several hours for thick films but has the
advantage of being a direct patterning technique, ideally suited for relatively quick
prototyping of large device designs. To excite spin waves, micro-antenna structures have
been fabricated at the edges of each arm. Microwave voltage signals can be transmitted and
received using the micro-antenna structures, and spin waves are excited by the well-

established inductive voltage method.

Figure 31 — The figure on the left is an optical microscope image of a YIG device that has not been packaged.
The image on the right is a microscope image of a device in finished microwave packaging, ready for testing.

2.5.2 Permalloy Device Fabrication Procedure

Permalloy is a material with unique magnetic properties, but with processing
properties almost identical to non-alloyed Nickel. This means that standard deposition and
photolithographic procedures can be used to make Permalloy devices without the need for
exotic processing such as E-Beam Lithography or FIB milling. This advantage also means that
devices designed using permalloy are CMOS (Complementary Metal-Oxide-Semiconductor)
compatible, so devices designed as such can be built on silicon substrates, and are possibly
compatible with current manufacturing techniques. For the crosses discussed here in
standard photolithography techniques were incorporated. A p-type doped silicon wafer was

insulated using 100nm of Silicon Dioxide (SiO2) utilizing a Unaxis Model 790 Plasma
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Enhanced Chemical Vapor Deposition (PECVD) system. Plasma Enhanced Chemical Vapor
Deposition (PECVD) allows for the deposition of materials based on chemical compositions
of gases provided to a reaction chamber. To facilitate the deposition of gas-state materials
into a solid-state material, RF (AC) plasma is utilized within the reaction chamber, with
reacting gases flowing through the gap between plasma electrodes. The gas flowing through
the electrodes forms a plasma, meaning a significant portion of its atoms have been
converted into ions, which allows for either more efficient conversion of the selected
materials into the desired material, or in some cases the creation of these energetic ions is
the only way to create certain reaction without using high temperature processing
techniques. For the devices presented within the work the PECVD technique was used to
create insulating layers of up to 300 nm of SiO2. The chemical precursors used for this
technique were Silane and Oxygen gases, with the 100nm of SiO2 being deposited at a rate
of 40 nanometer per minute, under Low Vacuum Pressure using an RF plasma set at 300W.
Deposition time was two and one-half minutes. The film was evenly applied and was
checked for electrical continuity using an onmmeter and found to offer excellent insulation
using this recipe. After this a layer of photoresist (AZ 5120) was deposited on the wafer
using a spin-coating technique and a speed of 4000 RPM. The film was settled and dried on
the wafer at 110 degrees Celsius hotplate for 1 minute post spin. Lithographic exposure was
performed using a Suss Microtec MA6 Mask Aligner. Flood exposure was performed with a
12 second exposure time. After exposure development was performed using (4:1) AZ 400K
to water solution with a development time of 1 minute. Features were inspected using a
microscope and then a layer of Permalloy was deposited using an E-Beam Evaporator. 100
nm of Permalloy was deposited with 10nm of Titanium used as an adhesion layer. Samples
were then placed in an acetone bath overnight (at least 8 hours) to perform liftoff. Since e-
beam evaporation is not as commonly used technique as sputtering, there was some
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concern for the quality of the magnetic material being deposited, so a witness sample with
the same substrate as the devices was placed inside the evaporation chamber, and the
magnetic properties were analyzed. Ferromagnetic Resonance was measured in a solid-
state EPR measurements system capable of X-Band measurement studies. After deposition
of magnetic material it can be important to measure magnetic properties of a deposited film.
One of the most accurate methods, that realtes directly to spin wave propogation is to
measure the magnetic resonance of the thin film, to understand the magnetic qualities of
the deposited film. UCR has an X-Band capable EPR measurements setup as part of the
shared facilties attached to the chemistry department. This setup can be modified with
appropriate sample holders to make solid state measurements and thus allow for
ferromagnetic resonance measurements. The setup consist of a large magnet with a
microwave cavity between the poles of the magnet. By using a microwave source, energy is
then placed into the cavity a specific frequency while the applied magnetic field is varied.
The measurement aims to measure the amount of microwave energy absorbed as a function
of the applied magnetic field. These measurements are ideal for pin-pointing the resonance

of a magnetic material as well as determining coactivity of the material.

55



Intensit; — Integrate

15000 - 700000 5 — Baseline
| _Peak Cen|

965.29816
600000 -
10000

500000 o
5000 4
400000 4

300000 4

Intensity

o

L
Integrated Y1

200000 o
-5000

100000 -

-10000 4
04

T T T T T 1
T T T T T 1 400 600 800 1000 1200 1400 1600
400 600 800 1000 1200 1400 1600 X[G)

X[G]

-15000

Figure 32 — FMR measurement (image on left) taken using an X-Band EPR setup and solid-state adapter. This
graph shows a peak to peak coercivity of 40 Oersted. The derivative (image on the right) of the previous FMR
measurement, used to determine the peak magnetization energy.

The first figure shows the intensity of the signal with respect to the applied magnetic
field measured in Gauss. This can be used to measure the coercivity which is found to be 40
Oersted, which is a very good result and well within the range necessary for spin wave
studies. The second figure is an integration which is used to check the FMR center
frequency, here measured to be 965.29 Gauss. These results show that even if there is some
small change in the coercivity or alloy of the material, the resulting measured magnetic
properties are well within the necessary range needed to perform high-quality magnetics
measurements. After the Permalloy orthogonal waveguides are deposited the devices and
again insulated using the same technique as described above, with an insulation layer of 40
nm. Afterword’s gold contact pads and antennas are deposited using the same
photolithographic and evaporation technique as described for Permalloy. Gold is selected
because of it’s excellent electrical characteristics, also because it is a noble metal and

therefore unlikely to experience corrosion due to environmental factors. Devices are then
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able to be wire bonded and packaged to appropriate microwave connectors for further

study (SNA connectors being the standard connection within our laboratory setup).

A) B)

Figure 33 — A) microscope image showing permalloy cross with antennas, inset contains dimensions. B)
Fabricated device in microwave packaging, the device is wire bonded to gold plated leads that are connected
to mini-SNA connectors.

The image shown in Figure 37 depicts the final packaging of the devices and shows
how the packages connect to microwave measurements. After these steps, the devices are
done being fabricated and packaged and experimental procedures, outlined in later chapter,

may begin.
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3 Spin Wave Propagation within Orthogonal Waveguide
Structures

The first step to understanding spin wave interference within the framework
of the Magnonic Holographic Device structure is to gain an appreciation of a single element
of the MHM structure. The simplest element of the structure is a single-cross structure with
no magnetic element “object” placed in the junction. This free junction cross structure can
be studied as the results of two independent, yet coupled orthogonal waveguides. While
spin wave interference is of course an interesting phenomenon capable within this simple
structure, it represents an interesting structure simply for some studies of propagation
through each waveguide. These studies are necessary for a clear understanding of spin
waves within the device structure, which add to our understanding of propagation when
interference and magnetic objects are added. Also of interest is propagation of spin waves
through arms orthogonal to the first excited waveguide. While discussion of magnetic
objects will take a predominant role in later chapters in this work, it should be noted that
when a magnetic waveguide passes over another magnetic waveguide it represents a non-
uniform magnetic field to a propagating spin wave and thus is a scattering parameter that
can have a serious effect on the device performance and spin wave coherence. The single
cross spin wave structure has several interesting characteristics, as well as acting as the
simplest element within a MHM design. The study of this structure gives important
information concerning the interference and propagation properties of Magnonic

Holographic Matrix Devices. Previous studies of such a device have not incorporated the
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highly efficient YIG material nor have cross like devices yet been explored in literature using
Permalloy, so it is of interest to not only explore the material characteristic but to also

compare them.

3.1 Experimental Procedure

The design of the initial experiments is as follows: A vector network analyser is used
as a microwave source and a signal from the VNA is sent to the gold antenna structures that
lay across each arm of the cross. The microwave signal generated by the VNA excites a small,
but non-negligible alternating field within the antenna contours and this field excites spin
waves within the structure. The structure is placed inside a large electromagnet so that an
applied field may be uniformly applied across the device, thus forming a lattice of spins and
allowing spin waves to propagate along the lattice. In turn the spin waves are able to
propagate along the arms of the cross, and will the alternating magnetic field produced by
the spin wave oscillation will induce a voltage change in the receiving antenna structures,
this technique is the common inductive voltage technique. This signal is then measured and
recorded using the VNA. A diagram, as well as some images of the experimental setup is

given below.
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Figure 34 — (Top Left) Shows laboratory setup that includes the Power Rack, electro-magnet, and the Vector
Network Analyzer (VNA). (Top Right) Image is a closer picture of the the electromagnet, highlighting where
samples are located for measurement. (Bottom) Schematic to illustrate how the VNA is connected to the

single cross structure, phase shifters (Phase), splitters (S) and attenuators (A) are also denoted in the schematic.

Let it be noted that the method used for suspending the device in in the
electromagnet can also be rotated. This allows for studies of the spin wave propagation

through the device at different angles of the applied magnetic field.

3.2 Results

3.2.1 Results of YIG Device

The results for these experiments resulted in a wealth of data, of which a selected
portion will be contained in this section of the work. Some amount of the raw data will be
presented, though it should be noted that due to the large amount of this data studies
concerning it are on going. These results, in figure 39, represent a summary of some of the
conclusions obtained from the wealth of raw data that was acquired during these

experiments. Much of this data is specifically represented due to how it coordinates either

60



with the direct research objectives stated or because of the ability to use this data to

compare the devices to either current CMOS standards or other spin wave devices.
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Figure 35 — (Top Left) Microscope image of a single cross design. (Top Middle) Schematic of single cross. (Top
Right) Microwave packaging of single cross. (Bottom Left) FMR frequency dependency shown graphed as a
function of the applied magnetic field. (Bottom Right) Amplitude in dB as a function of the applied magnetic
field angle. On/Off ratio for maximum and minimum amplitude is in excess of 35 dB.

Figure 39 shows some interesting features of the device as well as a schematic and
image showing the device and device layout. Also included is an alternative packaging
technique, that is somewhat smaller and less noisy than the one originally shown in the
fabrication section of this work. An On/Off ratio is given, while these devices are not
necessarily intended for Boolean logic, or high speed swithing applications it is interesting to
see how they perform when compared to other switching type logic devices. Also, even whe
not considering the “On/OFF” ratio the dependence of the magnetic field direction is
surprisingly high in these samples, which can open the door to much discussion concerning

the “angle of incidence” style of multiplexing within a holographic system.

The vector network analyser produces data that shows the amount of microwave

absorption (in either millivolts of dB) in comparison to the frequency of the supplied
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microwave signal. For the majority of our data produced we observe changes in this VNA
signal by either changing the direction of the signal (what ports we excite and read), the
direction of the applied magnetic field, or the strength of the applied magnetic field. Figure
40 shows two VNA outputs that have been overlayed on top of each other. The red signal
shows propogation from port 2 to 4 and the black signal from port 4 to 2. Even though the
path is the same in these examples the result is a slight change in amplitude and an even
smaller change in resonance frequency. This is an important result because it shows that
the device is non-reciprocal, an important characteristic for a logic device. This example is

also presented here because of it’s simplicity and ease of reading.
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Figure 36 - YIG Device output showing non-recipricol spin wave transport when traveling between arms 3 and
4. The result is several dB in amplitude difference as well as a small shift in resonance

Other features of note are the orthogonal features, especially that exhibited by
propagation from port 4 to port 3 and vice versa. At select angles we see a scattered spin
wave signal moving orthogonal to the original propagation direction and at a different
applied field angle, for the signal from port 4 to 3 the signal can result in a change as high as

40 dB differences at select angles.
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Below is a select amount of raw data that is presented even though the current
analysis of this data is ongoing. This data is presented with the hope of giving the reader the
ability to derive their own conclusion as to what assumptions can be made from these
devices. The following data plots show spin wave propagation from one port to all other
ports for an applied field of 998 Oersted for YIG devices. The figures denote which port is
the port being used to begin propagation of the spin waves, and the measurement port is
denoted in the top-left of each individual graph. All YIG results discussed in this section will
be for this collection of data at this field strength. The data is collected to show every
combination of ports, as well as a variety of applied magnetic field angles. Spin wave signals
should change with changes in the direction of the applied magnetic field and is one of the
methods used to determine that the signal being measured is indeed caused by propagating
spin waves. Changes in the direction and the strength of the applied field cause direct

frequency and amplitude affects to the spin wave signal.
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Figure 37 — VNA Output showing Output Voltage in mV with respect to the frequency for signals traveling from
port 1 to port 2. Different colors denote different angles of the applied bias field, ranging from 0 to 144
degrees.
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Figure 38 - VNA Output showing Output Voltage in mV with respect to the frequency for signals traveling from
port 1 to port 3. Different colors denote different angles of the applied bias field, ranging from 0 to 144
degrees.
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Figure 39 - VNA Output showing Output Voltage in mV with respect to the frequency for signals traveling from
port 1 to port 4. Different colors denote different angles of the applied bias field, ranging from 0 to 144
degrees.
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Figure 40 - VNA Output showing Output Voltage in mV with respect to the frequency for signals traveling from
port 2 to port 1. Different colors denote different angles of the applied bias field, ranging from 0 to 144
degrees.
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Figure 41 - VNA Output showing Output Voltage in mV with respect to the frequency for signals traveling from
port 2 to port 3. Different colors denote different angles of the applied bias field, ranging from 0 to 144
degrees.
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Figure 42 - VNA Output showing Output Voltage in mV with respect to the frequency for signals traveling from
port 2 to port 4. Different colors denote different angles of the applied bias field, ranging from 0 to 144
degrees.
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Figure 43 - VNA Output showing Output Voltage in mV with respect to the frequency for signals traveling from
port 3 to port 1. Different colors denote different angles of the applied bias field, ranging from 0 to 144
degrees.
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Figure 44 - VNA Output showing Output Voltage in mV with respect to the frequency for signals traveling from
port 3 to port 2. Different colors denote different angles of the applied bias field, ranging from 0 to 144
degrees.
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Figure 45 - VNA Output showing Output Voltage in mV with respect to the frequency for signals traveling from
port 3 to port 4. Different colors denote different angles of the applied bias field, ranging from 0 to 144
degrees.
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Figure 46 - VNA Output showing Output Voltage in mV with respect to the frequency for signals traveling from
port 4 to port 1. Different colors denote different angles of the applied bias field, ranging from 0 to 144
degrees.
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Figure 47 - VNA Output showing Output Voltage in mV with respect to the frequency for signals traveling from
port 4 to port 2. Different colors denote different angles of the applied bias field, ranging from 0 to 144
degrees.
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Figure 48 - VNA Output showing Output Voltage in mV with respect to the frequency for signals traveling from
port 4 to port 3. Different colors denote different angles of the applied bias field, ranging from 0 to 144
degrees.

3.2.2 Results of Permalloy Devices

Permalloy devices were also measured, and allow for some comparison between YIG
and Permalloy devices. Typically Permalloy devices have a lower frequency then YIG devices,
but for the selected field strength (998 Oersted, as with the YIG devices) the frequencies are
similar. For both devices the frequency of operation can be seen to increase with the
strength of the applied field. It should be noted that neither data set is identical though
there are definite similarities that will be further explored in the discussion section of this

chapter.
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Figure 49 — (Left) Amplitude as a function of magnetic field for a Permalloy cross, from port 2 to port 4. (Right)
On/Off ratio which is observed to be in excess of 15 dB for a Permalloy sample for propagation between port 2
and port 1 at an applied field strength of 148 Oe and a frequency of 3156.8 MHz.

Here many of the same effects are observed within the data. There is a distinct
“On/Off” ratio observed within the device and the amplitude depends on the strength of the
magnetic field. These similarities, and in some cases differences, lead to several interesting

guestions that we will now discuss.

3.3 Discussion

The raw data that is provided is difficult to interpret and at first glance contains a
wealth of information that can be difficult to interpret. Before we delve deeper into analysis
of this raw data for better comparison, some important features of this data set should be
pointed out. First, with the data sets, it is important to make observations of direct
propagation through the device. In this numbering scheme, direct propagation, is
represented by any port number that is two ports away, i.e 1to 3, or 2 to 4 and vice versa
These port numbers show the signal as it travels through a single waveguide and past
through the junction. For all devices and ports, we see a distinct spin wave signal through
the direct propagation direction. This means that spin waves are able to not only be excited
in the device but that some part of the spin wave is able to be excited through the scattering

junction in the center of the device.

70



What is also remarkable is that both the YIG and the Permalloy device exhibit this
change in the signal, despite extreme differences in device dampening, size, and method of
antenna fabrication. This is also important because it allows us to highlight the non-
reciprocal feature of the spin-wave cross device. A small but discernable, several dB
difference in amplitude is noticed when the direction of propagation is changed between
arms 3 and 4. This result is of great interest to the community. Also it is worth noting the
on/off features of the device. With such a large difference in the signals on/off state there is
much interest in both how the spin wave may turn the 90 degree corner and what exactly
are the effects of the junction scattering parameter. Previous literature on the subjects of
spin waves and corners has proposed that spin waves under the right conditions will
undergo a mode transition change, or a filtering effect when changing their original
propagation direction. This may in turn explain why we see a signal shift of such a dramatic
size. MSSW waves are characterized typically by a higher signal strength, since the original
Spin Wav excitation mode is distinctly a mixed mode method of excitation, if some of the
spin waves are converted from the lower signal strength BVSW to the higher signal MSSW
this might explain the drastic changes in signal strength exhibited under appropriate

conditions.

The results demonstrate prominent change in the amplitude of the transmitted
signal [18dB] when the field is applied between 20° and 30°. The main observations of these
experiments are the following. (i) Spin wave propagation through the cross junction can be
efficiently controlled by the external magnetic field. (ii) Both the amplitude and the direction

of the magnetic field can be utilized for spin wave control.
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We conducted similar experiments on the YIG single cross device as shown in Figure
39. It was observed prominent signal modulation by the direction and the strength of the
external magnetic field. In Fig.39, there is shown an example of experimental data on the
spin wave transport between ports 2 and 1. The maximum transmission between the
orthogonal arms occurs when the field is applied at 68°, while the minimum when the field is
applied at 0°. The On/Off ratio for YIG cross reaches 35dB. Of noticeable interest is also the
effect of non-reciprocal spin wave propagation. The two curves in Figure 40 show signal
propagation from port 2 to port 4, and in the opposite direction from port 4 to port 2. The
measurements are done at the same bias magnetic field of 998 Oe. There is a difference
about 5dB for the signals propagating in the opposite direction. The effect is observed in a
relatively narrow frequency range (e.g. from 5.2GHz to 5.4GHz). Concluding on the spin
wave transport in the permalloy and YIG single cross structures, prominent signal
modulation has been observed in both cases. The operation frequency is slightly higher for
YIG structure (~¥5GHz) than for permalloy (~3GHz). The speed of signal propagation is slightly
faster in permalloy (3.5%x10° cm/s) than in YIG (3.0x10° cm/s). The difference in the spin
wave transport can be attributed to the differences between the intrinsic material
properties of YIG and Permalloy as well as the difference in the cross dimensions. It is
important to note, that in both cases the level of the power consumption was at the
microwatt scale (e.g. 0.1uW-1.0uW for permalloy and 0.5uW-5.0uW for YIG) with no
feasible effect of micro heating on the spin wave transport. The summary of the

experimental finding for permalloy and YIG single cross junctions is in Table I.
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Permalloy YIG

Cross dimensions L=18um, w=6um, L=3mm, w=300um,
d=100nm d=3.8um

Operational Frequency | 3GHz-4GHz 5GHz-6GHz

SW group velocity 3.5x10° cm/s 3.0x10° cm/s

Equal splitting 20°-30° ~45°

between the arms at
bias field angle

Maximum On/Off 20dB 35dB

ratio

Power consumption 0.1puW-1pW 0.5uW-5uW
Compatibility with Yes No

Silicon

In closing these results provide good insight into how spin waves propagate through
a single junction. A wealth of data was produced in these experiments and as such it will
lend itself to further analysis than what is presented here. While interesting trends appear
to exist, the next step is to understand how multiple junction devices will interact with spin

waves.
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4 Double Cross Magnonic Holographic Matrix Device

Here we present the first application of a Magnonic Holographic Matrix, as well as
the first demonstration of spin-wave holography, using a prototype structure with two
junctions, which is referred here-in as the double cross structure. This structure represents
the simplest form of the matrix in which multiple elements are present in the device. This
has dual purposes, it allows for a simple structure to detect multiple junction interference

and secondly it allows for the investigation of the holographic detection of multiple objects.

The schematic of the 2-object MHM prototype is shown in Figure, along with an

inset of an optical micrograph of the device.
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Figure 50 — (Top) Schematic of the YIG double cross device (no magnetic object), along with inset of the device
before packaging. (Bottom) Schematic to illustrate how the VNA is connected to the single cross structure,
phase shifters (Phase), splitters (S) and attenuators (A) are also denoted in the schematic.
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4.1 Results

The graph in Figure 54, left image, shows the raw data collected for the structure
with just two working micro-antennas. The test experiments are provided for the structure
without magnet placed on the junctions. The graph shows the amplitude of the output
inductive voltage detected for different excitation frequencies in the range from 5.30GHz to
5.55GHz. The curves of different color depict the output obtained for different phase
difference A¢gamong the two inputs 2 and 3. These data show the oscillation of the output
voltage as a function of frequency and the phase difference between the two generated spin
waves. The frequency dependence of the output is attributed to the effect of spin wave
confinement within the structure, while the phase-dependent oscillations reveal the
interference nature of the output signal. In Figure 54 (right) we show the slice of the data
taken at the fixed frequency of 5.42GHz. The experimental data has a good fit with the
classical equation for the two interfering waves. The only notable discrepancy is observed
for Ag=m, where experimental value is non-zero. This fact can be well understood by taking
into account all possible parasitic effects (e.g. reflecting waves, direct coupling between the

input/output ports, structure imperfections, etc.)
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Figure 51 - (Left) Transmitted signal S12 spectra for the structure without micro-magnets. Two input signals
are generated by the micro-antennas 2 and 3. The curves of different color show the output inductive voltage
obtained for different phase difference among the two interfering spin waves. (Right) The slice of the data
taken at the fixed frequency of 5.42GHz (black curve). The red curve shows the theoretical values obtained by
the classical equation for the two interfering waves.

The experimental procedure is straightforward. Signals are excited through the
input antennas (represented by the input signal and the reference signal in Figure 1), and
the spin wave frequency spectrum is determined by varying the magnetic field to ensure
that an appropriate frequency range is selected. It is then necessary to determine a base
signal that is then removed using a standard subtraction technique built into the VNA. This
signal is then subtracted from all subsequent signals in an attempt to remove noise. Figure
56 (A) and (B) shows the first spin wave interactions from the device. It is necessary to
obtain a maximum and minimum signal values with respect to a phase shift in the interfering
signal, which can be used to determine both in-phase and out-of-phase transmissions in the
device. For the experiments discussed here in, a signal will be input to both the input and
the reference and an output will be measured from the output signal (see Figure 54). To
determine the maximum constructive interference a phase shifter is attached to the input
antenna and the reference antenna. It is assumed during the experiment that fully
constructive interference (A¢p = 0) takes place at a signal maximum, and destructive
interference (A¢ = m), takes place at a signal minimum. Figure 56(A) and (B) shows two

graphs, where the red line shows only one port with a signal, while the blue line represents
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both ports being excited simultaneously. Both graphs clearly show constructive and

destructive interference of the spin wave signal.
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Figure 52 - A) frequency graph showing constructive interference. The blue line (one input) is half the height of
the red line (two inputs). B) A frequency graph showing destructive interference, the opposite phenomena
from inset a. C) Raw VNA output showing different frequency spectrum for magnetic objects placed on the
cross junctions, (O represents no magnet, and an arrow represents the placement of a magnet) D) Magnetic
orientations changed with respect to phase difference. Output has been normalized and scaled from 0 to 1.

The results show interesting features for the basic MHM device. First we clearly see
spin wave interference within the device over a frequency spectrum. From the results
shown we see an approximately 7 mV change in the signal from fully constructive to fully
destructive interference. It should be noted that in the graph provided we do not observe
the fully destructive interference reaching the 0 point of the graph. This is attributed to the
parasitic noise of the system which means that the setup is unable to reach a completely
zero state, however, more sensitive equipment should result in an even greater amplitude
difference between the constructive and destructive state. Also, spin wave amplitudes are
affected by the change in angle, giving credence to the idea that parallelization using phase

or angle multiplexing will be possible with any devices created using matrix device method.
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Next, experiments were carried out by placing two magnetic objects, as previously
discussed, on the junctions of the matrix. Figure 56 shows amplitude and phase information,
Figure 56(C) shows raw VNA output, in mV, with different combinations of magnets being
added to the matrix. There is a frequency shift in the maximum resonance peak for each
combination (note: the symbol O represents no magnet on the junction, thus OO represents
a junction with no magnetic objects). Different combinations not only result in distinct
amplitude changes for the system, but also result in shifts in the FMR peak, showing a
distinct effect caused by the placement of the magnetic objects, and sensitivity to one, two

or no magnetic objects.

Figure 56(D) is a graph showing the amplitude of the signal at a fixed frequency, as
the magnetic orientations are changed. The amplitudes of each of the signals has been
normalized and scaled from 0 to 1, for better comparison. The rotation of the magnetic
object appears to clearly correlate with a phase difference dependent on the rotation of the
micromagnetic objects. This phase sensitivity is a result of changes in the longitudinal
direction of the magnetic film and is most interesting at the two pairs of combinations that
represent opposite orientations. When observing the phase of both of the pair (T, >-)
and (=1, ™) we see a 180 degree sensitivity in the phase of these two pairs. It should be
noted, we clearly see a shift in the wave propagation properties of the spin wave, shown in
Figure 56(C). This is clearly evident by the shift in the ferromagnetic resonance measured in

the VNA, and is dependent on the placement of one or two magnets.

In both experiments, the output is varied by phase shifting of the input, interfering
signal. As with optical holograms this information opens the door to possible multiplexing
applications, where by holograms can be constructed and multiple dimensions used. In the

optical case this is done by varying the “angle of illumination”, and a parallel process can be
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created here, by either varying the frequency, the angle of the applied magnetic field or the

phase of the input, interfering wave. Using this information we are able to construct 3D

holographic data as an image in Figure 57.
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Figure 53 - Spin Wave holograms constructed for both a device with no magnetic object A) as well as a device
with magnetic objects on both junctions, B)

For each of the events shown (no magnetic object and both magnetic objects
oriented “up”) the spin wave holograms show different features over a wide “angle of
illumination”. It should be noted that this ability means that the system may be very
sensitive to even small changes, and the ability to change the angle of illumination to

explore new areas of the data may point to the possibility of massive parallelization within

the device as well as associative memory applications.
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Next, we carried out the experiments placing two micro-magnets with a length of
1.1mm and a width of 360um, each with a proprietary microscale coating provided by
Paramount Sensors and a coercivity of 200-500 Oe on the junctions as illustrated in Figure

58.
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Figure 54 - A set of three holograms obtained for the three configurations of the top micro-magnets as
illustrated by the schematics on the top: A) two micro-magnets aligned in the same direction perpendicular to
the long axis; B) the magnets are directed in the orthogonal directions; and C) both magnets are directed along
the long axis. The red markers show the experimentally measured data (inductive voltage in millivolts)
obtained at different phases of the four generated spin waves. The cyan surface is a computer reconstructed 3-
D plot. The excitation frequency is 5.4GHz, the bias magnetic field is 1000 Oe
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The aim of these experiments is to show the dependence of the output from the
magnetic states of the micro-magnets. Figure 58 shows the set of three holograms obtained
for the three configurations of the top micro-magnets as illustrated by the schematics: A)
two micro-magnets aligned in the same direction perpendicular to the long axis; B) the
magnets are directed in the orthogonal directions; and C) both magnets are directed along
the long axis. The red markers show the experimentally measured data (inductive voltage in
millivolts) obtained at different phases of the four generated spin waves. The cyan surface is
a computer reconstructed 3-D plot. The excitation frequency is 5.4GHz, the bias magnetic
field is 1000 Oe. All experiments are done at room temperature. As one can see from Figure
58, the state of the micro-magnet significantly changes the output. The three holograms
clearly demonstrate the unique signature defined by the magnetic state of the micro-
magnet. The internal state of the holographic memory can be reconstructed by the

difference in amplitude as well as the phase-dependent distribution of the output.

There are several important observations we want to outline based on the obtained
experimental data. The observed interference data are matched well by the classical
equation (as shown in Figure 55 (D)). The only feasible deviation is at the point
corresponding to the destructive interference, where the experimental data show a non-
zero output due to the presence of the additional parasitic coupling (e.g. waveguide eigen
modes, reflecting waves, direct coupling among the input/output antennas, etc). Such a
good fit shows no feasible sign of the thermal noise. The latter can be explained by taking
into account that the flicker noise level in ferrite structures usually does not exceed -130
dBm[66]. At the same time, the direct coupling between the input/output antennas in our
case is of the order of -70-80 dBm. So, all possible thermal noise signals are much smaller

than the direct coupling, reflections and others parasitic effects.
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Phase-dependent output is clearly observed in a relatively long device, where the
direct distance from the input to the output exceeds 3mm. In contrast to the initial
skepticism on the possibility of using spin wave interference for logic applications [67], it
appears to be a robust instrument allowing us to sense magnetic textures at micrometer
scale at room temperature. Long coherent is the main physical parameter defining the
maximum size of the interference-based devices. Taking into account the typical size of
currently used nano-magnetic bits (i.e. ~100 nm x ~100 nm), and with current advances in
the patterning of magnetic media spin waves make it possible to sense hundreds of

thousands of bits in parallel.
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5 Results of Permanent Deformation to Cross Structure

From the aspect of memory devices much of the focus has been on Random Access
Memoy (RAM), where in not only the capacity but the speed of the memory is of utmost
importance. Longer term, slower, and nonvolatile solutions have focused on magnetic
recording technologies such as harddrives and Solid-State Storage solutions that use charge
capture methods. Another area of focus is that of write-once read many (WORM) styles of
memory recording, of which a prime example is the Compact Disc. This style of memory
recording has many applications especially for archival purposes where it is more important
that the recorded information last a long time and in a high fidelity state, and speed and
even to an extent storage density is a somewhat secondary objective. To date several
technologies have been proposed that would allow for huge amounts of data to be stored
for archival purposes, with a magnetic technology, in this case referring to magnetic
tape[68], being the current popular method used for large scale data storage along with rigid
disk technologies. Most recently the company InPhase attempted to introduce optical
holographic storage media for use in archival purposes. While some commercial products
were released, the technology has since traded hands is still in an evaluation phase. Other
technologies have been proposed, but many of them are based on a fuse type system and

require exotic materials or nanostructures or in some cases both[69]-[76].

While optical media, for use in holographic storage has some distinct
advantages, such as the used of laser based technology as well as the option to use well
known glass and plastic technologies, it’s short comings, including cost and size may always
keep it from being a relevant archival technology. For this purpose it has been proposed
that techniques involving permanent features within magnonic holographic devices may

allow for a massively parallel technology with WORM capability. In this case a design would
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require physical manipulation of the magnetic cross junction, most likely in a permanent

manner. These features could be made either during a lithographic process or written to a
MHM device grid sometime after the making of the device. To prove the conceptual ability
of devices with this design several cross junction were physical modified using Focused lon

Beam technology and the spin wave propagation changes were studied.

5.1 Device Preparation and Description

5.1.1 Single Cross Permalloy Device with Variable Hole Size

Cross devices were fabricated as previously described for Permalloy and YIG devices.
Both devices had similar alterations, in both cases holes added to the center of the device at
the junction. YIG device holes were fabricated using laser ablation while the device was
fabricated. Permalloy devices were measured and then modified using an FIB to add hole
structures to the junction. Holes were made going all the way through the spin wave
mediation material and into the substrate. The FIB tool used allowed for simultaneous SEM
imaging, and holes could be deemed completed when the contrast of the SEM changed. The
contrast was a results of going from a conductive material (Permalloy) to a dielectric

material (Silicon).
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A)

Q)

Figure 55 — (A) SEM image of Permalloy cross structure, before milling process. (B) SEM image of the permaloy
cross structure after milling. (C) higher resolution image of hole in structure with measurement markers
digitally added. (D) Angled image of permalloy cross structure with hole.

The above images shows the cross structure before and after FIB milling. The hole is
added to the center of the cross, though it does end up slightly off direct center. The third
image of the series (C) shows a measurement made by the SEM system of the hole diameter.
Even when the final image of the series shows a tilted angle, it is obvious that the hole goes

directly through the Permalloy and leaves a small divot in the substrate.
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Figure 56 - (A) SEM image of Permalloy cross structure, after hole has been widened. (B) SEM image of the
permalloy cross structure with measurement markers added to hole structure. (C) higher resolution image of
hole in structure. (D) Angled image of permalloy cross structure with hole, angle allows for depth
measurement that insures the hole was milled through to the substrate..

The second set of images is for the 1000 nm (1 um) hole device. This hole is simple a
widening of the 500 nm hole, since there was an assumption of continuity between the
devices. Since the device is milled while still in the microwave packaging it was expected
that all signal changes would be a result of the milling of the wider hole. Since the milling
process was not capable of making an accurate donut like shape the hole was milled
assuming a circle full circle needed to be milled. For this reason the center of the hole
shows a darker contrast change, due to its deeper depth. A careful tilted angle allowed for a
depth measurement to be made to ensure that the hole did indeed go through the entire
device. With a measured depth of over 500 nm the hole in question is certainly deep
enough to penetrate all the layers of the device which should have a stack with the following
depths: 100 nm SiO2, 100 nm Py, 10 nm Ti, 100 nm SiO2. With these film thicknesses for the
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device, 500 nm should easily penetrate all the layers, and remove all the magnetic material.
This image also highlights one of the many advantages of the FIB method, both the ability to
directly manipulate a sample as well as the ability to mill walls with very high aspect ratios.

There is however some slight drift in the milling process, which is assumed to be caused due

to the weight of the packaging and the necessity to mill the device at a 54 degree angle.

Figure 57 - AFM/MFM image of permalloy hole. A weak MFM isngla on the left shows the change in domain
structure, and the AFM shows the topological affect of the FIB milling.

Of much interest is the effect of the magnetic domain structure in a modified
domain. The left image shows an AFM topological image of the device with a whole milled
through it, and the right image depicts the MFM, showing magnetic domains. Unfortunately
due to the 100 nm insulation layer the magnetic signal for this structure is very weak, as well
as the fact that Permalloy has a very low coercivity and magnetization, compounding the
difficulty for obtaining a clear magnetic signal for the device. What is evident is that there us
a clear magnetic domain structure in the device junction that differs from that of the arms.
The milled hole unfortunately obscure the MFM directly in the center of the device, however
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it is apparent that there are some smaller domain structures that have appeared around the
edges of the hole, perhaps due to increased anisotropy from the addition of the hole edges.
This is an interesting phenomenon, that may also help account for signal changes resulting in
the addition of the whole. If shape anisotropy plays a role in the layout of the magnetic
domains in the structure then it may account for signal changes that are observed and noted
in the results section of this chapter. It should also be noted that spin wave interference
may very well be sensitive to even very small changes in magnetic signal, and is perhaps
sensitive to changes in domain and magnetic orientation of magnetic objects. This may very
well highlight the sensitivity of the magnonic holographic technique, however, more in-
depth studies will have to be done to see the direct influence on physical features such as

these with the phase effects of the magnetic oscillations.

Figure 58 - (Left) SEM image of 3 um hole milled into cross structure. (Right) Same image with digital
measurement markers added.

This summarizes the fabrication and simple characterization of these devices. The
holes added in the centre should modify the scattering and it was a hoped that there would

be some dependence on size. The results of these experiments are below.
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5.2 Results

The addition of the whole, as an interesting result on the VNA readings for the

device. Figure 63 shows a sequence of images for the results obtained for a device as a hole

is added and widened
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Figure 59 - A sequence of VNA outputs in dB from port 1 to port 3 as the hole structure is widened.

It should be noted that there was an expectation of some drastic change in

amplitude as size was increased, which is not readily observed until the whole reaches 2850

nm. What is observed is a slight change in amplitude as wells as what appears to be a

narrowing of the frequency band of the resonance peak. Also, while the amplitude of the

signal stays mostly the same until 2850, the same cannot be said of the noise level which

increases with the size of the hole. While the narrowing of the frequency band cannot be

definitely tied to any phenomena from these measurements, and additional measurements

will be required it can be hypothesized that the addition of the hole may disallow certain

modes and thus frequencies to propagate, in essence acting like a sort of band pass filter for
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spin waves. Until more definitive measurements can be made however, it will exist as a
question for future research. Below for the interested reader there is also provided some
raw data, showing the VNA output for the device as the spin wave propagates from port 1 to
the other ports in the device. This data was recently acquired, and has not been fully
analysed but does offer some interesting questions, again that can exists as questions for

future research.

1807 port 1102 — 0
TSE—

-81.0
-82.5
-84.0 M

85.5

:ar:u WV\F ' Q\a f'h" Tbt lf‘\[jlf

915
-93.0 -
945
96.0 |
975 |
-99.0

A dB

f GHz

Figure 60 - Output as recorded by the Vector Network Analyser for different applied field angles, with the Y-
Axis showing amplitude of the signal in dB, and the X-Axis showing the frequency. The graph shows different
applied field angles as different colors, and the signal is a reading from Port 1 to Port 2.
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Figure 61 - Output as recorded by the Vector Network Analyser for different applied field angles, with the Y-
Axis showing amplitude of the signal in dB, and the X-Axis showing the frequency. The graph shows different
applied field angles as different colors, and the signal is a reading from Port 1 to Port 3.
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Figure 62 - Output as recorded by the Vector Network Analyser for different applied field angles, with the Y-
Axis showing amplitude of the signal in dB, and the X-Axis showing the frequency. The graph shows different
applied field angles as different colors, and the signal is a reading from Port 1 to Port 2.
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The results from this experiment are compelling in that we do notice several
features that will require further inquiry. First, and the most expected result, is there
appears to be some modification to the amplitude of the spin wave signal as the hole grows
in size. However, the expectation would be that the amplitude might drop off in some linear
fashion, i.e. as the hole gets larger the amplitude would decrease. What we observe is in
fact some slight increase in the signal, followed by a decrease, and then a sudden
“disappearance” of the signal. Also, of great interest, is the information that the signal may
in fact be acting in some filtering manner, since the resonance band peak actually decreases
in width. All of these questions lend themselves to further study and hopefully will lead

further researchers to explore the exact mechanisms of this interaction.
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6 Conclusion

In conclusion we demonstrate here the first experimental data of a MHM device.
The collected experimental data show rich physical phenomena associated with spin wave
propagation in single- and double-cross structures. Prominent signal modulation by the
direction rather than the amplitude of magnetic field and the low effect of thermal noise on
spin wave propagation at the room temperature are among many interesting findings. The
effect of spin wave redirection between the cross arms by the external magnetic field may
be further exploited for building a variety of logic devices. Besides, spin waves appear to be
a robust instrument allowing us to sense the magnetic state of micro-magnets by the change
in the interference pattern. Quite surprisingly, it is possible to recognize the unique
holographic output for the different orientations of micro-magnets in a relatively long device
at room temperature. Overall, the obtained data demonstrate the practical feasibility of
building magnonic holographic devices. These holographic devices are aimed not to replace
but to complement CMOS in special type data processing such as speech recognition and
image processing. According to the estimates, scaled magnonic holographic devices may
provide more than 1x10" bits/cm?/s data processing rate consuming less than 0.2mW of
energy. The main technological challenges are associated with the scaling down the
operating wavelength and building nanometer scale spin wave generating/detecting
elements. Spin torque oscillators and multiferroics are among the most promising solutions.
At the same time, it is expected that reducing the operating wavelength will make spin
waves more sensitive to the structure imperfections. The development of scalable magnonic
holographic devices and their incorporation with the conventional electronic devices may
the pave road to the next generations of logic devices with functional capabilities far beyond

current CMOS.
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Not only are we able to detect magnetic objects successfully using the device, but
independent object orientation as well as parallel detection of objects is observed. These
preliminary findings open up the possibility of an entirely new class of magnetic device as
well as the possibility for high speed, massively parallelized applications. Furthermore, since
the data shows a distinctly nonlinear broadening of the resonance, it can be concluded that
there may be a wealth of non-linear phenomena which could have applications in the
development of new devices for magnetic resonance imaging, spin-echo effect phenomena,
as well as devices for the exploration of interactions with new magnetic phenomena such as
topological insulators and skyrmions. As these devices show the same potential as any other
spin wave device utilizing interference, they also have the ability to perform spin wave logic
operations, work as memory devices and possibly combine memory and logic architectures.
It should be noted that these matrix elements can play a prominent role in not only
exploring spin wave interference, but also in exploring holographic operations which were
not feasible or practical in optical holographic setups. The possible resolution of this
technique is governed by both the spatial dimensions of the device as well as the
wavelength of the excited spin waves. Since spin wave wavelengths have been measured to
less than a micron in wavelength and devices can be manufactured as small as 10 nm we can
assume the technique has a similar spatial resolution and could allow for resolutions as high
as 10 nm, which competes well with MFM[77] and GMR technologies[78]. Energy efficiency
of this technique compares well with other technologies and has been calculated in previous
works[44] to be as low as 10 attojoules depending on the excitation method. We present
these findings as an exciting new field of study with strong implications both in the field of
device physics, as well as possible applications in creating highly accurate spin wave devices

to explore spin wave and electron resonance phenomena.
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The obtained experimental data show the practical feasibility of utilizing spin waves
for building magnonic holographic logic devices and help to comprehend the advantages and
the shortcomings of the spin wave approach. There are several important observations we

want to outline.

First, spin wave interference pattern produced by multiple interfering waves is
recognized for a relatively long device (more than 3 millimeters between the excitation and
detection ports) at room temperature. Despite the initial skepticism[67], coding information
into the phase of the spin waves appears to be a robust instrument for information transfer
showing a negligible effect of thermal noise and immunity to the structure imperfections.
This immunity to the thermal fluctuations can be explained by taking into account that the
flicker noise level in ferrite structures usually does not exceed -130 dBm[66]. At the same
time, spin waves are not sensitive to the structure imperfections which dimensions a much
shorter than the wavelength. These facts explain the good agreement between the

experimental and theoretical data (e.g. as shown in Figure 55).

Second, spin wave transport in the magnetic cross junctions is efficiently modulated
by an external magnetic field. Spin wave propagation through the cross junction depends on
the amplitude as well as the direction of the external field. This provides a variety of
possibilities for building magnetic field-effect logic devices for general and special task data
processing. Boolean logic gate such as AND, OR, NOT can be realized in a single cross
structure, where an applying external field exceeding some threshold stops/allows spin
wave propagation between the selected arms. The ability to modulate spin wave
propagation by the direction of the magnetic field is useful for application in non-Boolean

logic devices. It is important to note that in all cases the magnitude of the modulating
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magnetic field is of the order of hundreds of Oersteds, which can be produced by the micro-

and nano-magnets

Finally, it appears possible to recognize the magnetic state of the magnet placed on
the top of the cross junction via the spin waves, which introduces an alternative mechanism
for magnetic memory read out. This property itself may be utilized for improving the
performance of the conventional magnetic memory. However, the fundamental advantage
of the magnonic holographic memory is the ability to read-out a number of magnetic bits in
parallel. The obtained experimental data demonstrate the parallel read-out of just two

magnetic bits.

In closing presented here are experimental findings and first realization of a
magnonic holographic device, as well as findings related to the use of multiferroics for spin

wave applications.
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