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STATIC AND DYNAMIC CHARACTERIZATION OF MAGNETIC
TUNNEL JUNCTIONS WITH PERPENDICULAR ANISOTROPY

PIOTR RZESZUT

Abstract

The goal of this PhD thesis is research on magnetic tunnel junctions with perpendicular
and mixed anisotropy in both static (direct current) and dynamic (radio-frequency regime).
The research was targeted to provide practical applications, ready for industrial manufacturing.
Introduced solutions include multi-state magnetic random access memory cell and a design of
artificial neural network based on serially connected magnetic tunnel junctions.

The work beings with basic description of fundamental effects contributing to magnetic tunnel
junction behaviour. A review on artificial neural networks is also included. In the next part a
paper on design and operation of multi-bit magnetic RAM cell is presented. Then a research paper
describing the use of such multi-state cells in an artificial neural network is introduced, covering
also results of simulation of such computing solution. Last but not least the most recent research
results on synchronization of electrically connected magnetic tunnel junction oscillators (both
taking into account mutual synchronization as well as when external signal is introduced) are
discussed. Such synchronization effects might also find use in different types of neural networks.

Before the conclusion of the work all the measurement and fabrication techniques are

described, being the most important and time-consuming part of the research.



STATYCZNA I DYNAMICZNA CHARAKTERYZACJA

MAGNETYCZNYCH ZELACZ TUNELOWYCH
Z ANIZOTROPIA PROSTOPADLA

P1OTR RZESZUT

Streszczenie

Celem niniejszej rozprawy doktorskiej byto badanie magnetycznych zlacz tunelowych
Z anizotropia prostopadla oraz mieszanag w zakresie statycznym (pradu stalego) oraz
dynamicznym (zakresy wielkich czgstotliwosci). Badania skoncentrowane byly wokét
praktycznego zastosowania ich wynikéw w rozwigzaniach praktycznych, mozliwych do
wytwarzania na skalg przemystowa. Zaproponowano m.in. innowacyjng wielostanowa komérke
magnetycznej pamigci RAM oraz projekt sztucznej sieci neuronowej opartej O SzZeregowo
polaczone ztacza tunelowe.

Prac¢ rozpoczyna opis wybranych podstaw zjawisk odpowiedzialnych za dziatanie
magnetycznych zlacz tunelowych, oraz przeglad najwazniejszych zagadnienn zwigzanych
ze sztucznymi sieciami neuronowymi. Nastgpnie zaprezentowana jest publikacja opisujaca
konstrukcje i charakterystyki wielostanowej komérki magnetycznej pamigci RAM. W kolejnej
czgSci przestawiona jest praca opisujaca wykorzystanie wielostanowych komérek w konstrukcji
sztucznej sieci neuronowej oraz rezultaty symulacji tak skonstruowanego rozwigzania. Najnowsze
prezentowane rezultaty dotycza zjawisk synchronizacji elektrycznie potaczonych oscylatoréw
opartych o magnetyczne ztacza tunelowe, badano zaréwno synchronizacje wzajemne jak i do
wygenerowanych sztucznie sygnaléw zewngtrznych. Synchronizacje takie moga réwniez znalezé
zastosowanie w konstrukcji sieci neuronowych.

Przed podsumowaniem pracy przedstawione zostaly najwazniejsze techniki fabrykacji ztacz
oraz prowadzenia pomiaréw, ktére ze wzgledu na stopiei skomplikowania stanowity istotna i

czasochtonng cz¢s¢ tych badan.
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1. Introduction

1.1. Significance of the research

Spin electronics is a very significant topic in the realm of modern technology. Spintronics
emerged as a promising alternative to conventional charge-based electronics, which limitations
might be overcome by the use of spin of the electrons for data storage, processing and much more.
This might potentially bring a solution to greatly decrease energy consumption[4, 5] of various
electronic devices, mitigate issues with heat dissipation and much more. For the reason spin-based
solutions are widely investigated as an alternative for conventional CMOS circuits[6].

Spintronics rely on some well-established findings, such as effects discovered as early as
1988[7, 8] but also takes advantage of novel physical phenomena, such as spin transfer and
spin orbit torques, two-dimensional materials and many more. Spintronics already made its
way into commercial devices, where it can be seen as a mature and well-known technology in
some applications. For example spintronic devices (nowadays mainly magnetic tunnel junctions)
are widely used in readout heads of magnetic hard drives (HDD), where sensitivity and high
bandwidth of the spin-devices allowed for increase of data density and operation speeds in such
memories. Other important application of spin electronics is magnetic random access memories
(MRAM), where magnetic tunnel junctions (MTJ) allows for a non-volatile storage of data in a
form of solid state memory, where speeds of operation reach order of magnitude of conventional
random access memories (RAM) while providing data retention similar to HDDs. What is more,
MRAM devices are immune to all types of radiation, what allows them to be used as a storage for
aircraft, spacecraft and other machines, that must work reliably in harsh conditions.

Characteristics of MTJs makes them also a very good fit for various schemes of neuromorphic
computing[9, 2], where traditional digital circuits prove to be energy-inefficient[10]. By using
spintronic devices calculations might be performed by means of analogue signals, where
MTIJ-based memristors allow for flexible current flow control. On the other hand a stochastic
nature of some processes related to magnetization might mimic response of the real neuron to
pulse-like signals[11] (spiking neural networks), and also oscillations that might be both generated
and selectively detected by special types of MTJ can be used to encode and process various types of

data. Finally, MTJs of low thermal stability may be used in a probabilistic-bit circuits that already

11



1.2. Scientific goals and organization of the Thesis 12

proved to be useful in solving some optimization problems such as integer factorization[12].

Considering how well-known spintronics devices are, some may think, that there is not much
room for a novel research in the topic. However this is not true, as there is much to discover and try
in this field, considering new applications, device types as well as better understanding of all the
phenomena having impact on electrical characteristics and fabrication challenges. Some of these
aspects were evaluated by the author of the thesis and the work is believed to extend the knowledge
in the field as well as lead foundations to completely new applications of spin electronics. Here the
fact, that MTJs are well-known in the business gives opportunities to quickly transfer the scientific
knowledge to industry, as integration processes with existing technologies (mostly CMOS) are
established and ready to be manufactured[13, 14].

Finally, considering all the opportunities that are provided by spintronic devices, the research
topic is significant, as it may lead to a revolution in information storage and processing
technologies. In the work both characteristics of MTJs as well as their application in practical
circuits are examined and presented. Proposed applications include data storage as well as support

for information processing by means of artificial neural networks.

1.2. Scientific goals and organization of the Thesis

The goal of the thesis was to examine both static and dynamic characteristics of magnetic
tunnel junctions as well as propose practical application of such devices. It is very important to
find industrial applications for the results of the research as this is as valuable as the knowledge
itself. What is more such applications and possible future cooperation with commercial companies
usually lead to interesting opportunities and boost of the future research.

The Thesis is organized into 8 chapters followed by bibliography and list of important author’s
achievements. Three of the chapters include scientific papers published (chapters 3 and 5) or
submitted for publication, and presented as an arXiv manuscript (chapter 6). Each of the three
chapters include also a brief introduction explaining research motivation as well as topics that

interconnect the research.

In chapter 1, a brief motivation for the research is presented as well as the description of the

thesis structure.

In chapter 2 theory of operation of MTJ in presented both in static and dynamic (oscillation)

regimes.

— In chapter 4 concept of artificial neural networks, some of the types of such circuits as well

as selected possible learning algorithms are presented.

In chapter 3 a research paper describing multi-state magnetic random access memory

(MRAM) cells is included and presented.

P. Rzeszut  Static and dynamic characterization of magnetic tunnel junctions...



1.2. Scientific goals and organization of the Thesis 13

— In chapter 5 a research paper describing use of multi-state MRAM cells for hardware

neuromorphic computing is included and presented.

— In chapter 6 a manuscript describing synchronization to an external high-frequency (RF)
signal as well as mutual synchronization of electrically connected spin torque oscillators is

included and presented.

— In chapter 7 a detailed description of fabrication and measurement techniques used during
preparation of the thesis is presented. This includes details of nanolithography process,
measurement setups as well different types of software that has been used and prepared

to gather all the necessary data.

— In chapter 8 a brief summary of the work is presented as well as some prospects for future

research.

P. Rzeszut  Static and dynamic characterization of magnetic tunnel junctions...



2. Magnetic Tunnel Junctions and its static and dynamic

behaviour

The effects laying at the base of all the spintronics were observed as early as 1857[15] where
Thomson experimentally observed the different in the electrical resistance of a ferromagnetic
conductor depending on the difference relative angle between magnetization vector and charge
current. This effect was later named as the anisotropic magnetoresistance (AMR)[16] introducing
a whole family of magnetoresistance effects. Although the effect is very mature, it is nowadays
still used in practice in magnetic field sensing device[17]. Later a gigantic magnetoresistance
(GMR) effect taking place between two ferromagnetic films separated by a thin non-magnetic
conductive layer was discovered[8]. Due to a GMR effect the resistance of such multi-layer
structure lowest when magnetization of both ferromagnetic elements are parallel, and highest for
opposite magnetization vectors. Further research on the topic lead to replacing a non-magnetic
layer with a thin insulator barrier, effectively forming a magnetic tunnel junction (MTJ)[18] which
exhibit a tunelling magnetoresistance (TMR) effect. First MTJ operating in room temperatures
was presented in in 1995 [19] and since the time a great progress in its parameters, fabrication and
applications was made. From all the effects mentioned the TMR effect has the highest magnitude,

and therefore emerges to have many practical applications, compared to other ones.

Nowadays MTJ exhibit tunnelling magnetoresistance ratio over 630 % [20] and are being used
in various applications such as non-volatile memories [21, 1, 22], oscillators [23, 24], magnetic
field sensors [25], read-heads in hard drives [22] and neuromorphic computing devices [26, 2,
27]. With such a wide range of usage of MTJs, research in this field is interesting and might
provide solutions for further commercial applications, as usually MTJs are compatible with CMOS

processes [28] used to manufacture modern integrated circuits.

This chapter describes basics of construction and operation of MTJs and physical phenomena:
tunnel magnetoresistance (TMR), spin transfer torque (STT), current induced magnetization

switching (CIMS) and spin torque oscillator (STO).

14



2.1. Magnetic tunnel junction 15

2.1. Magnetic tunnel junction

Typical MTJ is a type of electronic device that consists of two ferromagnetic (FM) layers
separated by a thin insulating barrier that allows for tunneling of electrons. As this tunneling
process depends on spin-polarized electrons it is effectively controlled by relative orientation of
magnetization of FM layers [29]. If the magnetization of the two layers is parallel - the state is
called a parallel (P) and the resistance is lowest (Rp), while for opposite magnetization vectors

the state is anti-parallel (A P) and the resistance is highest (R4p).

Some materials, like F'e or C'o exhibit non-symmetrical density of states for electrons with
spin up and spin down. Also this asymmetry is tightly coupled to the magnetization of the material
(layer) that is taken under consideration. As during tunnelling between FM layers separated by an
thin insulating layer electrons prefer not to change their spin polarization a simple two-current-path
model might be used to explain TMR phenomena. Taking the mentioned asymmetry in density of
states at conduction level into account it might be assumed that electrons with majority spins
face low resistance, while electrons with minority spins face higher resistance during tunnelling.
If the layers are in P state (Fig. 2.1a) then electrons that are the majority electrons for the first
FM layer are also majority electrons for the second FM layer so they face low resistance during
the tunnelling, while minority carriers face high resistance - so the result is one low-resistance
path and one high-resistance path. For the opposite situation of AP state (Fig. 2.1b) the majority
electrons from first FM layer become minority electrons in the second layer, and vice versa -
therefore result is two paths with mixed resistance, which is higher than low resistance path from
P case. This explains resistance changes of the MTJ multi-layer system as a function of relative

layer magnetization.

P state — low resistance AP state — high resistance
FM1 FM2 FM1 FM2

D, Dy Dy, | Dy Dy Dy

Figure 2.1: Explanation of the TMR effect in MTJ, as presented in [30].

P. Rzeszut  Static and dynamic characterization of magnetic tunnel junctions...



2.1. Magnetic tunnel junction 16

To quantify the effect a tunneling magnetoresistance factor, 7'M R is defined as:

TMR:M 2.1
Rp

According to simple model [18] 7'M R can also be expressed as a function of spin-polarisation

of FM layers (Prar2), which is the fraction of electrons that are becoming spin-polarized in each

FM layer:

2 Pryn - Pryve

TMR = .
1 — Pruy - Prve

2.2)

The spin polarization is a measure of degree of alignment spin of particles (in case of spin
electronics - electrons) to a given direction. In a simplified case, when again only two possible

spin values are considered and only electrons at F/; are considered it might be expressed as [31]:

_ Ni(Ey) = N (Ey)
Ni(Ey) + Ny (Ey)

(2.3)

Generally a spin polarization is much more complex, and depends on many factors, such as
material structure and composition, temperature or applied voltage.

The orientation of magnetization might be parallel to the plane of the device (in-plane - I P)
or perpendicular to the plane (out-of-plane - PM A). This is controlled by minimal energy of the
system, which for thin films consists of Zeeman, demagnetization and anisotropy energy. Usually
the effective magnetic anisotropy energy (K,yy) is defining the direction of magnetization, and it

might be calculated using following simplified formula [32]:

K

1
Kepp = Ky — ~puoM? + -

5 2.4)

where K3 is the bulk crystalline anisotropy, jio - magnetic permeability of the free space,
M, - magnetization saturation, K; - interfacial anisotropy energy and ¢ - layer thickness. For
negative K,y anisotropy is IP, and for positive - PMA is observed. Usually K is positive, and
Kj, < poM?2. This means that by reducing thickness of the layer a PMA might be achieved, but
this leads to significant decrease of the volume of the material, thus reducing layer’s capability
to spin-polarize electrons. The effective volume, however, might be increased without increasing
thickness of the layer by using a multilayer structure, with interchanging thin ferromagnetic and
non-magnetic (for example Pd or Pt) layers alternating [33, 34]. Another way to achieve a PMA is
by the use of precisely engineered geometry of the free layer, which can be formed as an elongated
cylinder[35] to achieve this goal. PMA in context of MRAM memories is often used because
it reduces current needed for switching (writing) the cell [36], while in context of spin torque

oscillators (STO) this might enable ferromagnetic layers’ magnetization to be perpendicular to

each other thus improving oscillation conditions.
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2.2. Spin Transter Torque and Current Induced Magnetization Switching 17

Additional important part of the real M'TJ is a method of engineering energies needed to switch
both ferromagnetic layers. Usually one of them is by design coupled to a synthetic antiferromagnet
(SAF) [37], what results in significant increase of the energy needed to alter the magnetization of
the layer, therefore this layer is called pinned or a reference layer (RL). Other layer usually has
significantly lower energy needed to change its magnetization, and therefore is called a free layer

(FL).

2.2. Spin Transfer Torque and Current Induced Magnetization

Switching

Initially, the magnetization state of MTJ was controlled with an external magnetic field
however, necessity of applying magnetic field in some applications is not practical. In 1996
Slonczewski and Beger[38] theoretically predicted the existence of the effect opposite to the
spin polarization phenomena - when the spin polarized current is passed by a ferromagnet with
a magnetization non-collinear with the polarization of the spin, it exerts a torque on the local
magnetic moment, that is called spin transfer torque (STT). The STT effect is responsible for
oscillations observed in MTJs as well as ability to switch magnetization of an FL of MTJ without
external magnetic field - the latter effect is called current induced magnetization switching (CIMS).
Two major configurations for STT effect might be analysed in a simplified way. First, if the
electrons are polarized on RL and are entering FL. which magnetisation is non-collinear the
current (Fig. 2.2a) will cause FL. magnetization to deflect more and more in the direction of RL
magnetization. Second, if the layers are polarized initially in a same direction (Fig. 2.2b) to observe
STT electrons need to travel in the opposite direction (i.e. from FL to RL). In such case a number
of electrons might change their spin polarization, and because of the pinning of RL the more
energy-efficient path for them would be being back-scattered onto FL, and as they now will have
polarization preferring opposite magnetization - a STT would cause FLL magnetization to deflect
more and more in opposite direction as referenced to RL. For both of the cases, if the STT effect
is strong enough (practically it is related to current density) and the MTJ has suitable parameters

a CIMS occurs.

P. Rzeszut  Static and dynamic characterization of magnetic tunnel junctions...



2.2. Spin Transter Torque and Current Induced Magnetization Switching 18

S R B U Y S SR
FL FL
il
RL RL

r * - —o» -

Figure 2.2: Explanation of the STT effect in MTJ, as presented in [30].

For the above case if the spin-polarized current density is high enough, so a transferred
energy is enough to overcome energy barrier between P and AP state a permanent magnetization
switching is observed. This phenomenon is called current induced magnetization switching
(CIMS) and is a basic method of writing contemporary STT-MRAM memories. To calculate
critical current needed for CIMS to occur in a given MTJ a following formula can be used [36]:

pma  AaMsV

I =~ -H-Hy, 1 H M 2.5
C 9 @)p ( dip & Hi 1 & Ms) 1o (2.5)

In the above equation 2.5 Mg, V and « are the saturation magnetization, volume and Gilbert
damping constant for FL, respectively, ¢ is the relative angle between magnetizations of FL. and
RL, and the g factor depends on this angle, p is the magnitude of the angular dependence, A
is a phenomenological factor dependent on transport model used, and it’s unit is Wb™*. H is
the external magnetic field applied parallel to the easy axis of magnetization, H;, is the dipole
field from the RL acting on the FL. Hy and H | are the uniaxial IP anisotropy or PMA fields,
respectively. & = 180° and operators in brackets are true for AP to P switching, and § = 0° and
operators without brackets are true for switching from P to AP.

Another important parameter of an MT]J is its thermal stability A [39]. Higher the parameter
is - harder it is to change relative magnetization of the free layer referenced to the fixed layer. This
ensures longer data retention, but at the same time - makes it harder for the MTJ to switch. On
the other hand lower A makes element unstable and prone to spontaneous switching. Engineering
of the parameter by manipulating magnetic couplings inside MTJs, its composition and geometric
parameters allows to obtain multitude range of behaviours, depending on desired application. For
example for oscillators the A would be preferred to be lower, while for memory applications an

equilibrium have to be settled, between increasing data retention while still allowing for energy
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2.3. Technologies competetive to MRAM 19

efficient and reliable write operations. Changing the diameter of the MTJ as well as thickness
of a free layer or the MgO layer[39] might allow for a wide range of adjustment of |Delta
parameter. The thermal stability is also a contributing factor to switching time of the device,
which is crucial parameter of each memory. Generally switching is a dynamic process, where in
the intermediate state some oscillations are observed[40]. Bigger the A - bigger the magnetization
oscillation dampening and thus switching time might be shorter, but from the other point of view
bigger dampening means that higher energy would be needed to cause initial destabilization of the
element, so a higher current density. Such increased current density usually shortens the switching
time and makes the process more robust, until the limitation of maximum current density that
does not damage the element is reached. Such relationships make the process of tuning MTJ to fit

desired purpose even more challenging and complex.

2.3. Technologies competetive to MRAM

There are numerous techniques alternative to use of MTJ (as MRAM) for data storage and
possibly neuromophic computing. They are worth mentioning but the MTJ technology proves to
be most well-established in industry, as there are already numerous practical solutions available
involving spin devices connected with CMOS circuits. Below are some of the examples of both

classical and emerging MRAM volatile and non-volatile competitors:

— Static RAM (SRAM) - each bit is stored in a circuit of four transistors as long as they are
powered, so there is a constant power consumption. Such solutions are the fastest of all the
memory types. Contents of the memory might be damaged by radiation. The memory is

volatile.

— Dynamic RAM (DRAM) - each bit is stored in a miniature capacitor-like structure in a form
of an electrical charge. Such memories need to have this charge periodically refreshed, and
also a refresh is needed after a readout operation, so there is a constant power consumption

too. Contents of the memory might be damaged by radiation. The memory is volatile.

— FLASH - each bit is stored in a specially designed floating-gate of the MOS transistor in
a form of well-trapped electrical charge. Due to the energy required to change the charge
in the floating gate, each write cycle the insulating layer of floating gate degrades, however
endurance of modern FLASH, together with clever algorithms used to spread data across
whole array makes it a perfect long-term storage medium. Contents of the memory might

be damaged by radiation. The memory is non-volatile.

— Redox RAM (ReRAM)[41] - base on chemical changes (oxidation and reduction - redox)

induced by current flowing in the storage material, effectively causing changes of the
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resistance. Due to nature of the process such element is subject to relatively rapid
degradation, thus only limited write endurance might be achieved. The memory is immune

to radiation. The memory is non-volatile.

— Ferroelectric RAM (FRAM)[42] - base on incorporating a ferroelectric material in a
structure similar to cllasic Dynamic RAM (DRAM), where changes of polarization of
crystalline material is used to store non-volatile data. Such memory has reasonable write
endurance, but a drawback is need to refresh data after readout (readout is destructive) as

well as very limited data density in sich technology. The memory is non-volatile.

— Phase Change RAM (PCRAM)[43] - base on materials, that under influence of temperature
generated by flow of electric current in heating elements might change structure from
crystalline to amorphous and vice-versa (depending on heat profile in time that is applied).
Such memories are slow, not immune to operating temperature variations and also prone to

degradation. The memory is non-volatile.

2.4. Magnetization dynamics of MTJs

As it was earlier mentioned, the behaviour of magnetization of FL in the MTJ is
a dynamic process involving oscillation. The following Landau-Lifshitz-Gilbert-Slonczewski

(LLGS) equation is used to describe the dynamics of magnetization [38, 44, 45, 46, 47]:

dm  —
dt 1—1-0%

[m x Heg + agm x m x Heg) + i;?[ajsﬁ(m x ) +aje(m x m x p)] (2.6)

1 G

where m = % is a normalised magnetisation vector, (M - magnetisation saturation), Heg -
effective magnetic field, 5 - secondary parameter that describes the torque (usually set to O or
equal to the damping parameter o), p - polarisation vector, and -y - gyromagnetic factor. The

variable a; is defined in terms of current density j:

hj
a4 = ——— 2.7)
7 epoMtrm
where £ is the reduced Planck constant and e is the electron charge. The variable € depends on A,
the parameter of the spacer layer derived by Slonczewski, and 7, the efficiency of the spin current

polarisation (0 < n < 1):
€= -
A4 1+ (N2 —-1)m-p

Usually, A is 1, which consequently removes the dependence of torque magnitudes on m - p.

(2.8)

Depending on numerous parameters, like but not limited to: A, geometry, current density and
input waveform the oscillations might be dampened after a time or being sustained. While the

first is usually required for memory applications, the latter allows for the MTJ operating as a spin
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torque oscillator (STO). To theoretically explain all of these phenomena the LLGS equation might
be solved numerically [48, 49] to derive solution for behaviour of magnetization of the MTJ. This
theory is nowadays used to explain dynamics of STOs[?], that have also been intensively studied
since the first oscillation effects in the class of the devices were observed[50]. STOs usually have
quite wide full-width-half-maximum (FWHM), therefore usage as a precise oscillators replacing
quartz resonators is not feasible. However various different applications might be proposed, such
as ultra-fast magnetic field sensors[51], or as part of various neuromophic computing schemes|[52].

Another class of spintronic devices that use dynamic response of the MTJ is a spin diode
(SD)[53]. The SD effect is opposite to the STO, where the first one converts DC input into RF
signal, while the latter with a correctly matched (resonant) frequency of the RF signal produces
a DC output - acting as a selective detector/rectifier. The effect might be used to characterize
STT effect during research[54, 55], as well as more practical applications might be found, such as

energy harvesting[56] or neuromorphic computing[57].
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3. Multistate MRAM memory cells

Magnetic Random Access Memories (MRAM) are nowadays well-established type of
non-volatile storage devices. Despite commercial devices being already well established on a
market, ways to improve their density as well as find new applications and modes of operation
are still interesting research topics.

As a starting point for the research a typical Spin Transfer Torque MRAM (STT-MRAM)
cell was taken into consideration. It was noted, that for such a cell usually transistor required to
switch its state is considerably larger[58] than a cell itself, due to the fact that it have to withstand
considerably large current needed to switch the connected cell. This lead to the conclusion that it
would be beneficial in terms of data density to have multiple cells connected to a single transistor
and effectively increase capacity per area of such memories.

It was noted, that such solution should involve a device, that effectively would be able to store
multiple bits, while being a two-port part connected to a single gate-transistor. Theoretically a few
possible schemes of connecting individual MTJs were analyzed. Initially a parallel connection was
rejected due to the fact, that if one of the connected devices would have lower resistance (i.e. be in
low-resistance state) the majority current would take its path, thus disallowing for other elements
to be switched. Such observation also makes any mixed connection impractical.

While analysing serial head-to-head connection it was noted, that in such connection while one
element would get switched to low-resistance state the other one would become high-resistance,
so overall device resistance change would be minimal. Completely other behaviour was excepted
from head-to-tail connection. For such a situation, with powering the device with voltage source, it
was predicted, that (considering low-to-high resistance switching) as one of the element switches
to high-resistance state, the overall current would drop, thus preventing other elements from
switching. To switch other elements it was excepted that a voltage would need to be further
increased - such behaviour will reassemble ratcheting mechanism.

It is worth noting, that serial connections of MTJs are widely used in sensor devices[59, 60,
61, 62]. For such applications the serial connection increases sensitivity of such sensor while also
reducing a noise level of the output signal. This however is not related to the application presented
in the paper, as for sensor applications a linear response and no hysteresis are excepted, while for

memory applications opposite have to be used.

22
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The latter arrangement was prepared experimentally and extensively tested. Experiments
revealed that such a connection behaves as excepted - allowing for being stable in multiple
resistance states, while maximum current required for switching was not higher than switching
current for a single element. During experiments up to seven serially connected MTJs were tested,
what reassembled a 3-bit STT-MRAM cell.

The details of that research were described in the following research paper, together with
precise characterization of a single MTJ element used. Also observations made during the research

established a direction of further research, aiming towards neuromorphic computing.
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ABSTRACT

Serial connection of multiple memory cells using perpendicular magnetic tunnel junctions (pMTJs) is proposed as a way to increase
magnetic random access memory (MRAM) storage density. A multibit storage element is designed using pMT]s fabricated on a single wafer
stack, with serial connections realized using top-to-bottom vias. The tunneling magnetoresistance effect above 130%, current induced magne-
tization switching in zero external magnetic field, and stability diagram analysis of single, two-bit, and three-bit cells are presented together
with thermal stability. The proposed design is easy to manufacture and can lead to an increased capacity of future MRAM devices.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5097748

1. INTRODUCTION

Spin transfer torque magnetoresistive random access memories
(STT-MRAMs) have numerous advantages over existing storage
technologies, including theoretically unlimited endurance, high read
and write speeds, and ionizing-cosmic-radiation resistance."”
However, state-of-the-art memories have limited capacity due to the
fact that the current density needed to switch a cell (typically made
of a single magnetic tunnel junction) requires relatively large transis-
tors.”* Such an obstacle can be overcome using the architecture that
incorporates a multibit cell driven by a single transistor.

To date, very few practical implementations of multibit MRAM
cells have been presented.™ This is mainly due to the fact that
efforts were made to produce a single storage element capable of
being stable in more than two states or to produce multiple storage
elements on top of each other.”™ Both of these approaches are very
challenging to manufacture.

In this work, an alternative approach is proposed—perpendicular
magnetic tunnel junctions (pMTJs)'’™'” are connected electrically in
series and a multistate behavior is observed that leads to a multibit
storage capability. Theoretical explanation as well as experimental

results (including the working three-bit cell) is presented. In addition,
such an approach can be implemented to design and fabricate an
artificial synapse for a neuromorphic computing scheme.”' ™"

Il. PRINCIPLES OF OPERATION

The discussed pMTJs consist of a top free layer (FL), a MgO
tunnel barrier, and a bottom reference layer (RL), which is magnet-
ically pinned to the synthetic ferromagnet (SyF).'* In the proposed
serial connection of pMT]Js in a storage cell, the top contact of the
first element is connected to the bottom contact of the next element
(head-to-tail), as shown in the inset of Fig. 1. This results in the
charge current flowing through all the cells involved in the same
direction. Connections can be made using metallization and vias or
any other suitable techniques.

The behavior of the presented arrangement of storage elements
can be predicted by analyzing characteristics of two pMT]Js con-
nected (Fig. 1). If both elements are in the parallel (P) state, the
lowest resistance is observed (1). When a positive voltage is applied
[which corresponds to the current flow that favors antiparallel (AP)
state], the current increases, until it reaches a critical value, which

J. Appl. Phys. 125, 223907 (2019); doi: 10.1063/1.5097748
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FIG. 1. Theoretically predicted (a) resistance and (b) current vs voltage applied
to a storage cell consisting of two serially connected pMTJs. Inset: schematic of
serial connection of two pMTJs.

results in the current induced magnetization switching (CIMS) (2).
As one of the elements switches to the AP state, with constant
voltage applied, the current decreases. This prevents the remaining
element of the cell from switching, as the current drops below the
critical value. By further increasing the voltage, the critical current is
reached again, and the second pMT] switches to the AP state (3).

By reversing the current polarization, the switching to the
P state is achieved. In this case, as soon as the critical current is
reached, one of the elements switches to the P state (4). With cons-
tant voltage applied, the current rises above the critical value,
causing the other element to switch to the P state.

The above mechanism works also for more than two elements,
and similar reasoning can be carried out. For the serial pMTJs con-
nection utilizing the presented mechanism, N + 1 stable resistance
states would be observed for N elements connected, resulting in
storage ability of log, (N + 1) bits. This is because there is no possi-
bility to individually determine states of all incorporated storage
elements; as ideally, they are characterized by the same resistance—
only the number of elements in P and AP states may be deter-
mined, based on the two-point resistance measurement.

The storage cell capable of storing two bits of data would,
therefore, consist of three serially connected storage elements. The
predicted resistance vs voltage characteristics of such a storage cell
are presented in Fig. 2. Voltages for writing different states, as well
as reading the cell, can be defined based on the characteristics
obtained for a single pMT]J. Note that in the proposed cell configu-
ration, writing smaller bit value (smaller resistance) than the exist-
ing state requires clearing the state to “00” (the lowest resistance)
and writing a new value.

A similar solution was suggested by Raymenants et al;’
however, with a different arrangement of subsequent elements, which
are connected in opposite directions (head-to-head and tail-to-tail).

ARTICLE scitation.org/journalljap

$ RORSIIS
@ & @ @
<‘° Read FEE
380 > , :31 —> L 9
[2) 1 " " 1 . .
g 307 e ! : I :
& 250 ’ 10 —
= naqn A I
S ool Lo
m 1 1 N .
oo
150 4 : —

T
08 -06 04 02 00 02 0.4 0.6 0.8
V, (arb. units)

FIG. 2. Theoretically predicted resistance vs voltage applied to the proposed
two-bit cell. Possible mapping between resistance and binary value as well as
proposed voltages to write and read the cell is presented on the plot. Different
colors represent the behavior of the cell after different writing voltages
application.

Such a multilevel cell, though, needs application of variable external
magnetic fields to have an ability to be written with any desired state,
what is not the case for our design, where the read—write process is
much simpler. On the other hand, our solution has by design a
limited number of stable states to N + 1.

A similar mechanism was also suggested by Zhang et al,"”
with elements fabricated on top of each other; however, due to
experimental difficulties, only two working elements connected in
series were fabricated.

In our work, these drawbacks of other designs are eliminated,
and the presented arrangement is ready to be manufactured using
an unmodified fabrication process.

1ll. EXPERIMENT

Multilayer of the following structure: buffer/Co(0.5)-Pt(0.2)
based SyF/W(0.25)/CoFeB(1)/MgO(0.89)/CoFeB(1.3)/W(0.3)/
CoFeB(0.5)/MgO(0.75)/capping layers (thickness in nanometers)
patterned into pillars of around 130 nm diameter were used as the
pMT] basic cell. The details of the deposition and fabrication pro-
cesses are presented in Refs. 19 and 20. Elements were equipped
with 100 x 100 um? Al(20)/Au(30) contact pads that enable both
individual pMT] characterization as well as measurement of the
elements connected in series forming a multibit cell. The schemat-
ics of the multilayer stack, a fabricated pMTJ pillar, and a micro-
graph of a two-bit (three pMTJs in series) cell are presented in
Fig. 3. In order to determine the ability of a single element to act as
a memory device, two types of characterization were performed: a
stability diagram'” and thermal stability’' measurements.

The stability diagram was determined as follows: pMT] resis-
tance (R) vs voltage pulse amplitude (V,) measurements were
repeated with different external magnetic field (H) applied. The
voltage pulse length was set to 10 ms. Each point on the stability
diagram corresponds to the transition from the P to AP state or the
AP to P state, depending on the initial magnetization configuration.
The thermal stability was determined from the R vs H measure-
ment repeated around hundred times with a magnetic field chang-
ing in 1 s long magnetic field steps of 80 A/m.

J. Appl. Phys. 125, 223907 (2019); doi: 10.1063/1.5097748 125, 223907-2
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FIG. 3. (a) pMTJ layer structure, “SAF” denotes synthetic antiferromagnet, H
denotes external magnetic field direction, / denotes current direction, Q denotes
the sourcemeter or the cell driving circuit. (b) Scanning electron microscope
image of a single pMTJ. (c) Micrograph of three serially connected pMTJs.

IV. RESULTS AND DISCUSSION
A. Single pMTJ characterization

An example of the R(V}) loop and the stability diagram are
presented in Fig. 4. The TMR ratio of 135% and the resistance area
(RA) product of 21.6 Q um? were measured. These values, however,
are influenced by series resistance of vias and contacts, which could
not be eliminated due to two-wire measurement; in fact, the TMR
ratio of the element is higher.”” In the absence of an external
magnetic field, the P to AP transition occurs for the voltage of
around 0.25V (corresponding to the critical current density of
2.00 MA/cm?), whereas the AP to P switching is measured for
Vp, = —0.15V (corresponding to Joir = —0.54 MA/cm?). Multiple
R(H) measurements, performed on the same pMT], allowed one to
obtain the switching probability vs H using the analysis described
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FIG. 4. (a) Representative R-V loop of a single pMTJ, with switching voltages
from P to AP (red) and from AP to P (blue) marked using big squares, mea-
sured without external magnetic field. (b) A stability diagram with marked
regions where P, AP, or both of the states are stable.
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FIG. 5. (a) Representative R-H loop of a single pMTJ. (b) Calculated switching
probability (black points) and theoretical fit based on Eq. (1).

in Ref. 21 with the following equation:

1l —exp| - Fexpd a1 P Hd
P(r)=1 exp|: Toexp{ A(l Hiﬁ )}] (1)

In Eq. (1), 7 denotes the magnetic field step duration (in this
study, 7 = 1s), 7o denotes the inverse of the attempt frequency (in
this work it is assumed to be 1ns), A denotes the thermal stability,
H, denotes shift field, and H{f denotes the effective magnetic anisot-
ropy field.

The best fit of Eq. (1) to the experimental switching probability
resulted in A = 60, which together with a capability of the pMT] of
being stable in both P and AP states in the absence of an external
magnetic field proves that the cell is suitable to be used as a memory
device (Fig. 5).

B. Two-bit storage cell

Next, we move on to the two-bit cell consisting of three pMT]s
connected in series. R(V,) measurement of such a system is pre-
sented in Fig. 6(a)—initially, the two-bit cell is in the low resistance
state. The application of the positive voltage of around 0.37 V (corre-
sponding to a single pMT] switching from P to AP state) results in
the transition to higher resistance state, which is denoted as “01.”
Further increase of voltage to around 0.67 V causes a second pMT]
transition to a higher resistance state—thus “10” state is written.
Finally, after the application of 0.80 V, all three pMT]s are in the AP
state, which is denoted as the “11” state. A negative voltage of
—1.15V switches all pMT]Js back to the P state. The behavior
described in Sec. IT was confirmed—four stable states can be defined
and binary numbers can be assigned to them:

o All elements in the AP state—11.

¢ One element in P state and two in the AP state—10.
¢ Two elements in AP state and one in the P state—01.
o All elements in the P state—00.

J. Appl. Phys. 125, 223907 (2019); doi: 10.1063/1.5097748
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FIG. 6. (a) CIMS measurement of the two-bit memory cell. The proposed

binary coding is also presented. (b) Switching voltages distribution, with regions

for writing, and safe readout presented. FIG. 8. R-V measurement of the three-bit cell consisting of seven pMTJs
connected in series. The proposed binary coding is presented.

By repeating R-V measurement of the two-bit cell around
hundred times and calculating switching voltage distributions, C. Three-bit storage cell
writing voltages of particular states, as well as a region safe for
reading the storage cell, can be defined [Fig. 6(b)].

The principle of operation, involving the current decreasing
below the critical current after one element switching into the AP
state, was confirmed (Fig. 7). Due to the nonideal manufacturing
process, critical currents of all incorporated elements are nonequal,
but this has no adverse effect on the process (Fig. 7, inset).

Finally, the proof-of-concept of the three-bit cell consisting of
seven pMTJs connected in series is presented. As predicted, the cell
exhibited eight stable states (Fig. 8). Due to the nonideal fabrication
process, it was noted that regions for writing voltages of some of
the states are very narrow because of variation of the switching
voltage (related with the switching current distribution). The
switching back to the “000” state was not ideal in the case, which
may originate from a resistive behavior of the cell.”” Nonetheless,
02 the proposed architecture is valid for a multiple pMT] that forms
the multibit memory cell.

% V. SUMMARY

In summary, we showed that a multibit memory cell can be
successfully implemented using serially connected pMTJs. The
state-of-the-art multilayer structure characterized by TMR of 135%
and RA of 21.6Qum? was used to design two- and three-bit
MRAM cells. The developed method of fabrication and driving
multibit nonvolatile storage elements is a significant improvement
in MRAM technology, as it allows one to store more data using the
same area of the memory. This may be achieved by driving a multi-
bit storage cell using a single transistor rated for the same current,
as a single storage element (the critical current remains the same
for any number of serially connected elements). Also, the fabrica-
: tion process does not require significant changes compared to
1.0 05 0.0 05 1.0 single storage element fabrication. The presented three-bit cell
V. (V) design requires around 26 x 54 um?, most of which is occupied by
B vias and interconnections. The state-of-the-art CMOS technology
enables fabrication of vias of around 100 nm, which could result
FIG. 7. Current changes during R-V measurement for the storage cell con- in a cell size of around 1um?. This method, however, exhibits
structed of three sto_rgge elements. Inset: a_lclose up of currept in the CIMS some capacity limitations, mainly due to the variation of parame-
measurement f_or writing the “11” cycle. Cntlca] currents causing subsequent ters of pMTJs, such as switching voltage, TMR ratio, or resistance

elements to switch to the AP state are marked with stars. T A om >
of the individual element involved in a cell. It is noted that

0.4
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contemporary STT-based MRAM operates at a nanosecond-long
scale” and, therefore, the operation of the multibit cell at this time
scale requires further study. In addition, the proposed solution may
be utilized in the neuromorphic computing scheme as a multistate
nonvolatile memory block.
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4. Artificial Neural Networks

Artificial Neural Networks (ANN) [63, 64] are emerging solutions to perform computational
tasks in different way than classical algorithms. ANNs are based as a concept of mimicking a
structure and operation of a brain of biological organisms. A representative neuron cell has a
number of dendrites (input paths) and one axon (output path), which conduct electro-chemical
signals in and out. An output signal is produced only when input signals are sufficient and its
level depends on levels and number of input signals. The operation of a brain is mainly defined
by existing interconnections between neurons as well as effectiveness of signal conduction from
axon to dendrites of other neurons. Additionally such a contact is called a synapse and this term
is used to describe a connection between neurons. Usually the results produced by ANN are not
100 % accurate, but for a given types of computational tasks, such as image recognition, sound
analysis, deep learning, forecasting [65, 66, 67, 68, 69] it is allowed to have a result with a limited
level of confidence, as traditional algorithms solving such problems are also not fully precise. The
advantage of the ANN over traditional solutions are usually speed of operation as well as lower
power consumption.

Usually ANN consists of [70]:

— Input layer, that brings input signals into the network and adjusts their level and format to

match operation of the ANN.

— Hidden layer(s), where each neuron is connected to all or a subset of outputs of neurons from

previous layer. Each connection (synapse) may introduce a weight applied to toe signal.
— Output layer, that presents the result and converts its format to a desired format.

For a single hidden layer an ANN is simply called a (basic) neural network, while with a

multiple hidden layers a term of deep neural network is used.

4.1. Comparision of Artificial Neural Networks Architectures

Generally there is no strict definition or a recommended construction of an artificial neural

network, as there are many variations on this topic. As a first criteria we might consider the
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4.1. Comparision of Artificial Neural Networks Architectures 30

fact on how the calculations are performed. As any computational tasks, ANN operations might
be performed using software on digital machines, sometimes equipped with some dedicated
co-processing units such as digital Application Specific Integrated Circuits (ASIC) and/or Flexible
Programmable Gate Arrays (FPGA) which can provide dedicated and re-configurable digital
hardware accelerating such calculations[71, 72, 73, 74]. Such approaches, however, are not
efficient in terms of energy consumption and speed of operation, due to big overhead originated
from a lot of add-multiply operations needed to be performed. Such solutions are far from optimal:
when using classic microprocessor architectures operations must be performed one by one and
therefore reducing speed, while if dedicated digital architecture is created a footprint (as well as
power consumption) of such device increases, as multiplication hardware occupies large area in
integrated circuits.

In contrast to above various types of non-digital hardware implementations might be in use.
This, in contrast to ASICs and FPGAs, will utilize dedicated hardware to perform operations in a
way different than using component to perform mathematical operations on some digital numbers.

An interesting example of ANN which can be placed between digital and pure hardware
implementations is binary neural network [75]. In such network each synapse can take only one of
two states (0 or 1) and operations might be realized by quite simple arrangements of logic gates,
which might be also implemented in FPGAs and simple ASICs.

Other family of ANN are spiking neural networks [76, 77], where information is propagated
not as a constant voltage (or current flow) but rather as pulses, where information might be passed
as their duty cycle, frequency or amplitude or combination of all of these. Such an approach tends
to be more energy efficient [78] and in fact is a closest mimicking of how real neurons work.
Such networks often relate to a probability of an building element (called p-bit) to change its state
depending on applied signal intensity, or an ability of the element to change its parameters in a
continuous manner, depending on actual and previous signals received.

An interesting family of ANN is a configuration where information is encoded by a signal
frequency, usually in radio frequency (RF) regime. As frequency-modulated signals are more
immune to noise and also utilize different properties of elements used in synapses, enabling
for completely novel approaches in the field. Some of such solutions involve spin torque
oscillators [52, 79] for performing various types of neuromoprhic computing. Some previous
research[80] used electrically connected spintronic nano-oscillators working in regime of a few
hundreds of MHz to recognize some simple spoken words, that indicated a successful match
by synchronization of devices and thus increase of the output power. Different types than STO
of spintronic oscillators, like spin-hall oscillators[81] are also successfully used to construct
neuromorphic computing devices. Other interesting solutions use opposite behaviour of spintronic
devices - a spin diode (SD) effect[57]. For such solutions usually input frequencies are fed

separately to SD devices connected in series and tuned to various frequencies. At the output of
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serial connections a DC signal represents the result of operation of such a neuron.

Also a concept of reservoir computing[82] is worth mentioning, as it might be a lead to some
interesting solutions. Such kind of neural network uses a fixed-dynamics of so called reservoir, that
processes input information in a way that might be not well-defined and not trained (like ripples
on surface of water tank, created by input disturbance, oscillations of some coupled elements, ...).
Then the only part of such network that is trained is an output layer, that receives signals form the
reservoir and formats them into useful output. Such concept was also recently demonstrated using
STOs[83], that formed a reservoir, which was the main part of the circuit calculating data parity.
In the research STOs were forced into synchronization in order to improve their oscillation quality

by reducing thermal fluctuations.

4.2. ANN Learning

Just as there are many methods of designing of ANNSs, there is also a wide range of ways to
"program" the network to perform desired operation. It is often impractical to calculate parameters
of the ANN using a mathematical model and therefore other methods are being used, such as but

not limited to:
— Backpropagation
— Gradient descent
— Genetic algorithms

Backpropagation is the most widely used method for training ANNs. It involves two phases:
forward propagation and backward propagation. During forward propagation, input data is fed
into the network, and its output is computed layer by layer. The computed output is then compared
to the desired output, and the error is calculated. In the backward propagation phase, the error is
propagated back through the network, and the weights and biases are adjusted to minimize the
error using gradient descent or related optimization techniques.

Gradient descent is an optimization algorithm used to update the weights and biases of a neural
network during training. It works by calculating the gradient of the network’s error function with
respect to the weights and biases. The weights and biases are then adjusted in the opposite direction
of the gradient to minimize the error. There are variations of gradient descent, such as stochastic
gradient descent, which updates the weights and biases after processing each individual training
example, and batch gradient descent, which updates them after processing a batch of training
examples.

Genetic algorithms might also be used to train ANNSs in a way that is close to how real neural

networks learn. They introduce a fitness of the solution - the measure of how accurate the system
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works. Than a starting point is selected and a fitness is evaluated. In a following step a population is
generated, where each variant (specimen) has network coefficients randomly varied from starting
point. Than a fitness of each specimen is evaluated and a best one is selected as a new starting

point. The process is repeated until fitness of the solution reaches excepted value.

4.3. Voltage feed-forward ANN

The simplest approach on ANN is to encode information inside network as well as input and
output data as analogue voltages. Also as the network allows for the data from in one direction,
without loops, it is called feed-forward ANN (Fig. 4.1). Such implementation was evaluated in

this work, where each synapse is based on MTIs.

10 output
neurons

2 x N hidden neurons

Figure 4.1: A schematic of representative feed-forward ANN with 400 inputs, 2 hidden layers of N neurons each and

10 output neurons, as presented in [2].

For such a network a single neuron might be described using following simplified formula:

Sovr = f (Z SInn * kn> ; 4.1
n=1

where Sopr is the output signal of the neuron, f - neuron transfer/decision function, m - number
of neuron synapses (dendrites), Sty - the n-th neuron input signal and &, - the n-th neuron input
weight. Such an approach is one of the most common in neural networks, and as can bee seen the
most resource consuming part is generating a weighted sum of the input signals. This leads to big

effort being put to use dedicated and energy-efficient hardware resources to accomplish the task.
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5. Neuromorphic computing architecture based on MTJs

The previously conducted research lead to construction of multi-state MRAM cells, however
the opportunity to use constructed elements for applications other than data storage were
investigated. One of such identified possibilities was neuromorphic computing. It was identified
that one of the issues in hardware implementations of ANNs is lack of capable memristive device,
that would allow to adjust synapse gain in voltage feed-forward neural networks. This gap was a
potential application of the multi-state MRAM cells.

As at this stage of research, and also considering available resources practically implementing
a fully-operational neural network was not sufficient a decision was made to prepare an extensive
simulation of such circuitry. This involved preparation and verification of an advanced behavioral
model of the MTJ to be used as a building block for ANN. Such a model was then used to simulate
serially connected MTJs and positively verified against experimental data.

A circuit to be used in such network was designed to realize voltage feed-forward ANN. At
first an electrical circuit was designed to use a multi-state MRAM cells as a memristive devices
(memristors) in a single neuron. This involved using a structure similar to differential voltage
summing amplifier, where memristors were used as a part of voltage dividers, thus defining weight
of each input. Adding a transition function generator (for the design it was a sigmoid function) a
single neuron was obtained. Finally all the components were designed at transistor level and then
in a standard CMOS technology of UMC 180 nm.

The electrical and switching parameters of the designed CMOS layout were extracted and
combined with model of the multi-state MRAM cells. All the data allowed for a full simulation
of the designed neural network. The network under simulation was programmed according to
solution obtained during purely-software run (i.e. without simulation of electrical circuits). Then
real simulations were run, during which the network recognized handwritten digits. Results were
compared while using different numbers of MTJs connected per single memristive cell. Also an
energy consumption of such device per operation was obtained during simulations.

A final conclusion was made, that such ANN is capable of performing operations with
error rate close to ideal case (software calculations were taken as a baseline) and with energy
consumption lower than similar solutions that were proposed prior to publishing of the research.

What is more, as currently there are commercially available MTJ-CMOS circuits and fabrication
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process is well developed such an architecture might be easily implemented. Such promising
results pointed a direction towards examining MTJs as a potential building blocks for other
types of neural networks. Particularly interesting area was the usage of interconnected MTJ-based
oscillators working in RF regime, therefore research was done towards synchronization of such

connected oscillators.
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Magnetic tunnel junctions (MTJ) have been successfully applied in various sensing application and
digital information storage technologies. Currently, a number of new potential applications of MTJs
are being actively studied, including high-frequency electronics, energy harvesting or random number
generators. Recently, MTJs have been also proposed in designs of new platforms for unconventional or
bio-inspired computing. In the current work, we present a complete hardware implementation design
of a neural computing device that incorporates serially connected MTJs forming a multi-state memory
cell can be used in a hardware implementation of a neural computing device. The main purpose of

the multi-cell is the formation of quantized weights in the network, which can be programmed using
the proposed electronic circuit. Multi-cells are connected to a CMOS-based summing amplifier and

a sigmoid function generator, forming an artificial neuron. The operation of the designed network is
tested using a recognition of hand-written digits in 20 x 20 pixels matrix and shows detection ratio
comparable to the software algorithm, using weights stored in a multi-cell consisting of four MTJs or
more. Moreover, the presented solution has better energy efficiency in terms of energy consumed per
single image processing, as compared to a similar design.

Unconventional computing architectures such as artificial neural networks (ANN) have superior properties
over conventional CMOS-based circuits in solving a number of computational problems, e.g., image or voice
recognition, navigation, optimization and prediction'~>. As a concept, neural networks have been proved to be
fast, flexible and energy-efficient. However, their digital implementation uses large amount of resources®, which
leads to high area needed to implement them. An alternative solution, opposite to the digital implementation,
is to use analog-based circuits, where signals are represented as continuous voltage values rather than quantized
bits”~'°. In such implementations, a key component is a programmable resistive element, such as memristor'!,
which can act as a weight in an artificial neuron. While using a solely digital implementation of a neural network
may lead to high resource and energy consumption, using mixed digital and analog electronic circuits may
enable more compact and energy-efficient solutions. In a number of the proposed analog ANN implementations,
neuron behavior was mimicked by a resistive RAM (RRAM) element'?, which changed its resistance due to the
conductor/insulator transition’. However, cells based on resistive or phase-change technology suffer from limited
durability and may degrade over time and subsequent programming cycles'®. On the contrary, spintronic ele-
ments such as memristors, nano-oscillators'* or probabilistic bits'*, based on magnetic tunnel junctions (MTJs),
which rely on magnetization switching or dynamics, do not have such endurance issues, are compatible with
the CMOS technology and have been already shown to exhibit superior biomimetic properties'®. In addition,
recent theoretical works have predicted that neural networks are able to work efficiently not only with weights
represented by real numbers, but also with binary or quantized values'’~".

Recently, we have proposed a design of multi-state spin transfer torque magnetic random access memory
(STT-MRAM) cells®*?!, which may be used in neuromorphic computing schemes as synapses?>~>’ or as a stand-
ard multi-state memory unit. In this paper, we present a fully functional hardware implementation design of a
neural network, which needs no additional components for operation, except for input and output devices. The
design of a single synapse is based on multi-bit STT-MRAM cells forming quantized weights, interconnected
with a minimal set of transistors forming amplifiers in the conventional CMOS technology. The entire network
is made of neurons arranged in four layers. The operation principle of the proposed neural network is validated
using handwritten digits recognition task utilizing MNIST?® database. We show that the multi-cell consisting
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Figure 1. (a) Experimental R(V) dependence (solid points) and the model consisting of four lines and two
critical points (stars) presenting a single MT] behaviour. (b) A representative simulation result of three serially-
connected MTJs (solid line) together with a series of example measurements (gray-scale lines) of a two-bit
multicell. Parameters of a single MT] were used to model the multi-cell characteristics. Arrows indicate voltage
sweep direction.

of four MTTs is sufficient for the network to achieve a recognition error rate below 3%, while providing better
energy efficiency per operation than circuit presented by Zhang et. al.”.

Experimental

Mulltibit-cell based artificial synapse. A key element of the design of the ANN is a spintronic memris-
tor, which involves serially connected MTJs. Each of the MT]s may be characterized by a R(V) curve (Fig. 1a),
where two stable resistance states can be observed, as well as critical voltages (cN and cP), for which the switch-
ing occurs. By serially connecting N of such MTJs?, a multi-state resistive element is obtained (Fig. 1b), for
which N + 1 resistance states are observed.

The concept of the multi-cell was experimentally confirmed using up to seven MTJs connected in series. For
the simulation of the network, we introduce a model of the multi-cell based on the following protocol. A typi-
cal R(V) loop of an MT] may be approximated using four linear functions (resistance vs. bias voltage depend-
ence in each MT]J state) and two threshold points (switching voltages) as presented in Fig. la. In addition, in
the case of a real MT] the following parameters are related to each other: aln = —alp = al, bln = blp = b1,
a0n = —a0p = a0 and b0n = b0p = b0. Moreover, a current resistance state (high or low resistance) has to be
included. Using such a model of the R(V) curve allows also to calculate other transport curves, including V(I).
The proposed model corresponds to all MT]Js that were investigated during the study. Parameters obtained from
the experimental part, and further used in the simulation, are presented in Tab. 1. MTJs with perpendicular
magnetic anisotropy were patterned as pillars 100 nm in diameter and interconnected using metalization layers
and vias (Fig. 2).

The model was used to simulate serially connected MTJs and a representative comparison between simula-
tion and experiment is presented in Fig. 1b. Moreover, simulations of up to seven MTJs were carried out, where,
additionally, a spread of parameters was taken into account. This allowed for defining distribution of stable
resistance states as well as voltages used for writing. The results of such simulation as well as representative
experimental data are presented in Fig. 3.

Electronic neuron. After the analysis of the multi-cell, which may be used as a programmable resistor for
performing weighted sum operation for many input voltages, we turn to the artificial neuron design. A sche-
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Figure 2. Microimage of the experimental setup: (a) three and (b) seven serially connected MTJs (dots) with
vias (squares) marked.

Param. | Unit n o

al A -310 3

b1 Q 665 12

a0 A~ -30 3

b0 Q 360 12

cN A -3.le-4 | 1.5e-5
cP A 8.0e-4 1.5e-5
TMR % 84 -

Table 1. Expected values and standard deviation of parameters obtained from experiment.

matic diagram of the proposed neuron is presented in Fig. 4. The circuit is powered by a bipolar power supply,
where inputs and output (Vinm, Vour) are provided as bipolar analog signals. To enable positive and negative
weights, each of the signal inputs uses a pair of programmable MT] multi-cells (M,,p and M,N). In the case
when the multi-cell resistances meet the condition M,,p < M,,n, a positive weight is achieved, whereas for the
case of M,,p > M,,n a negative weight value is obtained. An alternative design with multiple MTJs connected
in series with a separate select transistors has been proposed recently in Ref.*’. For equal multi-cell resistances, a
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Figure 3. Simulation and experimental results for seven serially connected MTJs with a given parameter
spread. (a) Spread of readout resistances for the simulation. (b) Representative write-read-erase curves. Red
line represents full write-read-erase cycle, while black ones represent write-read cycles while programming
subsequent values. (c) Experimental data for seven serially connected MTJs. MTJs in this case come from
another batch, characterized by higher RA product of around 20@mega wm?, which results in approximately
three times higher resistance of the multicell and slightly higher switching voltages. (d) Spread of all write
voltages for the simulation.

zero weight is obtained, which is equivalent to the situation when an input is disconnected from the synapse. The
resistive summing circuit architecture is being used in order to implement an addition operation while reducing
the footprint of the synapse. A differential amplifier converts differential voltage to a single bipolar signal, which
is transformed using a non-linear sigmoid function. This voltage may be used as the input of the next synapse,
or as the output of the network. Additionally, to provide a constant bias, a standard input with constant voltage
may be used, where the level of this constant bias is determined in the same way as weights for other functional
inputs.

Neural network circuit.  The electrical circuit implementing the proposed neural network was designed in
a standard CMOS technology—UMC 180 nm. To program the demanded resistance of seven serially connected
MTTs, a voltage of about 3.25 V is needed, so input/output (I/0) 3.3 V transistors were used to design a circuit for
MT]Js programming purpose, while for other circuits, a standard 1.8 V transistors were used. An individual neu-
ron circuit is composed of three parts. At the input, two resistive networks consisting of memristors implement
a multiplication of input voltages by coefficients and summing of these products (Fig. 4a). Next, the obtained
voltages are subtracted and amplified to the demanded value in a differential amplifier (Fig. 4b). Voltage follow-
ers are used to separate stages of the circuit and eliminate unwanted loading (Fig. 4d). Finally, the third part is
a sigmoid function block, which implements the activation function (Fig. 4c). It is based on an inverter and has
negative transfer characteristic, thus appropriate polarizations of signals are required.

The differential voltage V; generated by the divider network (Fig. 4a) connected to a pair of voltage followers
(Fig. 4d) can be expressed as:

1 m
Va=—-c— <Z Vini(Gip — GiN)>,
sum i=1
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Figure 4. The proposed neuron design with multi-cells. The circuit consists of (a) a set of memristors serving
as a quantized weight, (b) a differential amplifier with voltage followers (d) at input and (c) a sigmoid function
block.

where:

1
Mix

Gix =

Gmin + Gmax

Gum =m % Ggye = m * 5

It can be assumed that sums of all memristors’ conductances in both positive and negative branch are nearly
equal, and can be well approximated by the average of minimum (Gi») and maximum (Gy,ax) conductances of
memristors used, multiplied by the number of inputs () in the neuron.

Results

To evaluate the performance of the multi-bit MT] cell-based ANN, a set of classification tasks using the MNIST
dataset of handwritten digits (Fig.5a) was prepared. The conceptual architecture used for the network is shown
in Fig. 5b and consists of the input layer, two hidden layers containing N neurons each and the output layer. A
benchmark software network was trained using the standard scaled conjugate gradient method and cross-entropy
error metrics, with tanh activation function for every layer except the last one, where the softmax function was
used. Then, its performance was evaluated on a testing subset that has been drawn randomly from the input data
and has not participated in training. This procedure was repeated 50 times in total, with training and testing
subsets being redrawn each time, leading to an average error estimate for each network size.

Having established the performance of the benchmark software network, the evaluation of our MT]-based
design was performed. The original float-accuracy weights between different neurons were replaced by their dis-
crete versions corresponding to our multi-state MT] synapses. The new weights were calculated using simulated
conductance data (as described in Sec. “Multibit-cell based artificial synapse”) and rescaled by tuning amplifier
gains to match the desired value range for the neurons. Then, the performance of the network was re-evaluated
on the testing data subset. The results are presented in Fig. 5c. It can be seen that, as long as the number of MTJs
used per multi-state cell exceeds three, the performance of the MT]J-based solution is comparable to the original
software version, with differences being only incremental in character. Due to a relatively shallow structure of
our network, the total number of individual MT] elements necessary to perform the calculation is thus remark-
ably low and ranges from around 200 to around 700, depending on the assumed tolerance for error. This is one
order of magnitude lower than the number previously reported for quantized neural networks based on MTJs
with comparable performance’.

The neural network shown in Fig. 5b, using 7 MTJs per memristor, was also described and simulated electri-
cally in Hspice for the same data as computer simulations mentioned above, assuming 7 MTJs per memristor.
Input voltages (with maximum amplitude of 0.2 V) corresponding to hand written MNIST digits were changed

Scientific Reports |  (2022)12:7178 | https://doi.org/10.1038/541598-022-11199-4 natureportfolio

P. Rzeszut

Static and dynamic characterization of magnetic tunnel junctions...



5.1. Multi-state MRAM cells for hardware neuromorphic computing.

40

www.nature.com/scientificreports/

error rate

0.01 —a— software—e— 1 MTJ—4— 2 MTJ—+— 3 MTJ

10 output
neurons

L1
111

—4—4MTJ —<«—5MTJ—>—6MTJ—*—7 MTJ
2|0 4|o 6IO 8|0 160
neurons in one layer

Figure 5. Simulated neural network based on multi-bit MRAM cells. Handwritten digits from MNIST database
(a) are recognized by a standard neural network with architecture shown in (b), where black lines represent
network weights and yellow circles represent individual neurons. After training, weights calculated by software
are replaced by discretized values corresponding to 1-7 serial MTJs MRAM cells, which affects the network
performance (c).

to a next image every 4 ws. The circuit gave the same results as theoretical calculations—for a given subset of
cases the same error rate was achieved. The circuit had a latency of approximately1 psand to process one picture,
only 37.4 pJ of energy were needed. It is therefore a significant improvement compared to the work by Zhang et.
al.”, where processing of a 10 by 10 pixel area (4 times smaller area than our 20 by 20 pixel images) consumed
194 pJ. The power consumption of our network could be further decreased, and speed could be increased at the
expense of the output voltage. Also, the total resistance of each synapse might be increased by connecting addi-
tional resistances as well as by careful optimization in the MT] structure such as using devices with higher RA
product’ and by further miniaturization of the MTJ pillar size below 100 nm in diameter®?. However, it could
also lead to deterioration of the reliability of the ANN.
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Figure 6. Operational amplifier circuit used in the design.
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Discussion

The presented architecture of full hardware artificial neural network proves to be an effective way of perform-
ing neuromorphic computing. Compared to other solutions, it utilizes standard MTJs that are compatible with
STT-MRAM technology, which has been recently developed for mass production. Additionally, MTJs in such
application are very stable over time and they exhibit high endurance in terms of reprogramming, comparing
to low-energy barrier MT]s used in probabilistic computing. To validate the circuit, the artificial CMOS-based
neuron was designed, consisting of multi-cell based synapses, differential amplifiers and sigmoid function gen-
erator. It was shown that the quantized-weight approach enables the development of a functional artificial neural
network, capable of solving recognition problems with accuracy level similar to the benchmark software model.
Moreover, the electronic simulations additionally proved low latency of the operation of the order of s as well
as low energy consumption per recognized picture.

Methods

Circuit details. The operational amplifier, presented in Fig. 6 was designed as a two stage circuit consisting
of a differential pair M1, M2 with a current mirror load M3, M4 biased by M5 with a current of1 wA. The output
stage M6, M7 provided appropriate amplification and output current. The total current consumed by the opera-
tional amplifier is about 12 wA and amplification with an open loop of around 74 dB. Dimensions of transistors
were chosen in such a way to obtain the smallest area possible while meeting the required electrical parameters
(width of M1 and M2 is 0.7 um, M3 and M4 is 0.45 pm, M5 and M8 is 0.96 wm, M6 is 7.48 wm, and M7 is
7 wm, capacitance of CO is 100fF).

The final stage of the neuron is a circuit, which performs activation functions and has negative hyperbolic
tangent transfer characteristic, presented in Fig. 7b. It is designed as a modified inverter, which has voltage-to-
voltage transfer in contrast to other solutions, such as resistive-type sigmoid®. Transistors M2 and M3 work as
resistors, moving operating point of transistors M0 and M1 to the linear region. Finally, the circuit implements
the transfer characteristic shown in Fig. 7a. Minimum length of channels were used (180 nm, except for M3,
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Figure 7. (a) A transfer function of a sigmoid-generating inverter implemented by (b) the proposed inverter
circuit.

which uses 750nm), while their width was chosen to obtain required characteristics and output current neces-
sary to drive the next stage. Therefore, the width of MO and M3 is 60 wm, M1 is 228 pum, and M2 is 56 pm.

Using Cadence Virtuoso, layouts for amplifier and sigmoid were designed. Dimensions of each circuits are
17.1 x 17.4 pm for op-amp and 17.5 x 32 pm for sigmoid. Netlists with parasitic elements were extracted for
further simulations performed in Hspice.

Programming of the synapse. The important part of the design involved a circuit for memristors pro-
gramming. The overview of the programming circuit is presented in Fig. 8. The switches are controlled from
the digital circuit in such a way that the memristor to be programmed is connected with one terminal to the
programming voltage input and the other terminal to the ground. After the selected elements are connected, the
required voltage value is applied to the programming input in order to program the chosen memristors. Those
elements that are not programmed with a given voltage are disconnected from the programming input. In the
next cycle, another set of memristors is connected for programming and another voltage is applied. In such solu-
tion, all memristors may be programmed in a number of cycles corresponding to the number of stable quantized
states of used memristors (e.g., for 7 MTJs per memristor the programming may be completed in only 8 cycles;
if the programming voltage spread is too high, additional cycles might be introduced or adaptive programing
scheme can be used, however state-of-the-art MT] industrial fabrication technology can meet requirements with
accepted write voltage distribution®*). The purpose of the digital control circuits to connect the desired compo-
nents to the programming voltage and ground lines or to switch to normal operation. The state of the switches is
stored in serially connected flip-flops. Therefore, additional AND gates controlled by the “enable” signal are used
to disconnect all memristors while entering information about elements for programming. Then, after setting
the appropriate programming voltage, the enable signal goes high for the duration of programming. The flip-flop
and the AND gate are placed as close to the switches as possible, to save connection length. Digital components
placed close to the sensitive analog circuit do not have influence on them, because during the operation of the
ANN the digital circuitry is inactive, remaining in a static state (no clock signal) while providing the connection
of memristors to the analog circuit.
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Figure 8. (a) Schematic of connection of programming switches and (b) the design of the programming
switches.
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6. Synchronization of STO oscillations

Previous research confirmed that interconnected MTJs might be efficiently used a building
blocks in ANNs by providing means to define synapses’ weights. As types of ANN different than
voltage feed-forward were also proven to be effective a step forward this direction was decided
to be made. It was noted that merging solutions use wide range of oscillators working in RF
regime, therefore some experimental and simulation work was done on topic of synchronization

of MTJ-based spin torque oscillators.
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Figure 6.1: A representative signal generated by an STO for conditions of H = 71.6kA/m (at spherical angles of
0 = 31° relative to the normal surface vector and in-plane ¢ = 0° measured from the positive x axis), I = 1.88 mA.
Inset left: important layers of the STO, RL with in-plane magnetic anisotropy, FL with out-of-plane anisotropy, marked

with black arrows, RL pinned with synthetic antyferromagnet (SAF). Inset right: coordinate system.

The MTIJs used for the experiments were fabricated with a different multi-layer stack than
these used for multi-state MRAM cells. For the efficient oscillation a configuration with bottom
(reference) layer with in-plane anisotropy and top (free) layer with out-of-plane anisotropy was
selected, as such construction allows for generation of higher spin torque. A representative

oscillations generated by such element are presented in Fig. 6.1, together with important parts
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of the layer structure as an inset. Such an oscillator has a very limited power as well as low Q
factor. In order to improve these parameters synchronization to externally provided signal[84, 85]
or to signal from other STOs[56] might be used.

Initially experiments were conducted to check if the Spin Torque Oscillators (STO) are
possible to get synchronized to an external RF signal generated using an RF generator. An obvious
solution to use directly same frequency proved to be difficult in actual measurement, as overall
separation between the RF generator and measurement equipment in the best setup that was
available to use was too low. This resulted in signal from the generator saturating input of the
spectrum analyser and leading to inability to observe output of the STO under test.

As a solution, during a visit to AIST Japan in Tsukuba, a measurement technique was proposed
to use a generator frequency exactly two times higher then desired oscillation frequency. With such
approach a different synchronization scheme is taking part, but an output of the MTJ can be clearly
observed, as it is separated from the signal from RF generator in frequency regime. Resulting
observation was that MTJ is able to get synchronized to such a signal and this finds reflection in
observable decrease of Full Width Half Maximum (FWHM) of the signal (from average value of
12.5 MHz for a free-running oscillations to less than 2.5 MHz when in synchronization) as well as
a frequency shift from a free-running frequency. It is to note that synchronization conditions were
Very narrow.

The last experiment involved observing two serially connected (head-to-tail) STOs oscillation
while varying external magnetic field. As it was previously stated, conditions for synchronization
were not wide, so it was excepted, that the effect would be hard to notice. Also synchronization
mechanism for two interconnected MTJs is excepted to be different, so a wide range of external
parameters were tested: magnetic field vector orientation related to sample surface, current density
and direction. This experimental part was one of the hardest, as in order to get any conclusive
results, large amount of data had to been collected and then precisely examined. Finally it was
discovered, that indeed a synchronization (and also desynchronization for other conditions) might
be observed.

All the results were also compared against numerical simulations, carried out in cooperation
with co-authors of the paper. This confirmed, that the theoretical model and tool-set (CMTJ)
prepared by them is accurate enough to simulate interconnected MTIJs acting as STOs
in RF regime. To conclude the research it is important to note, that synchronization and
desynchronization effects observed, both can have an application in future devices, such as
reservoir computing, neural networks and other emerging computing schemes[86, 87]. This leads
to need of further investigation of the phenomena to the point, where it can be easily reproduced
and controlled in more precise way. The ideas include, but are not limited to having current lines
above individual interconnected STOs to finely tune their behaviour using Oersted field or to inject

other RF signals into the system.
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Multiple neuromorphic applications require the tuning of two or more devices to a common signal. Various
types of neuromorphic computation can be realized using spintronic oscillators, where the DC current induces
magnetization precession, which turns into an AC voltage generator. However, in spintronics, synchronization
of two oscillators using a DC signal is still a challenging problem because it requires a certain degree of sim-
ilarity between devices that are to be synchronized, which may be difficult to achieve due to device parameter
distribution during the fabrication process. In this work, we present experimental results on the mechanisms
of synchronization of spin-torque oscillators. Devices are based on magnetic tunnel junction with a perpendic-
ularly magnetized free layer and take advantage of a uniform magnetization precession in the presence of the
magnetic field and a DC bias. By using an external microwave source, we show the optimal condition for the
synchronization of the magnetic tunnel junctions. Finally, we present results on the in-series connection of two
junctions and discuss the possible path towards improving oscillation power and linewidth. In addition, using
numerical simulations of the coupled oscillators model, we aim to reproduce the conditions of the experiments

and determine the tolerance for achieving synchronization.

I. INTRODUCTION

In recent years, neuromorphic computing concepts have
gained rapid traction in multiple disciplines [1], with a
promising mix of low-power and low-latency hardware-
embedded algorithms. Exciting works using so-called vortex
nanooscillators such as those by Romera et al.[2, 3], Torrejon
et al.[4] or Tsenugi et al.[5] have also put neuromorphic con-
cepts on the spintronics roadmap. Similar concepts of neuro-
morphic vowel recognition have been accomplished by spin-
Hall oscillators based on nanoconstriction arrays [6]. More re-
cently, both experimental and theoretical explorations [7] in-
dicate that spin Hall nano oscillators can be used to construct
phase-binarised Ising machines and solve some optimization
problems at a potentially lower power consumption than quan-
tum computers. Indeed, prevailing approaches have involved
some type of nanooscillator where the synchronization mech-
anism is achieved by a combination of dipole coupling and
injection locking. However, there have been some attempts
to achieve coupling based on electric effects rather than mag-
netic ones, as explored in the work by Taniguchi [8]. Recently,
Sharma et al. [9] have achieved a synchronized oscillation
of up to four serially or parallel connected in-plane magne-
tized magnetic tunnel junctions (MTJs). Experimentally, the
magnetic isolation of two devices is achieved simply by plac-
ing them further apart, so that the dipole interaction between
them can be neglected (the dipole interaction decreases with
distance as d). This usually requires an inter-device spacing

* piotrva@agh.edu.pl
T mojsieju@agh.edu.pl
# skowron @agh.edu.pl

of the order of um. In this work we present an experimental
study of the spin torque oscillators (STOs) realized by a mag-
netic tunnel junction with mixed magnetic anisotropies. To
maximize the spin transfer torque acting on the free layer, an
MTJ with an in-plane magnetized reference layer and a per-
pendicularly magnetized free layer is used. At optimal mag-
netic field orientation and DC bias conditions, this MTJ oper-
ates as an STO at radio frequencies with an average Q factor
of 400. Using an external reference signal, we show the lock-
ing range of the STO to the half of the reference frequency,
and present a study of the power dependence of in that lock-
ing range. The results of the synchronization with two MTJs
connected in-series is also shown. The experiments are re-
produced with numerical simulations based on coupled MTJs
excited via the spin-transfer torque (STT). The Bayesian opti-
mization allowed us to determine the magnetic parameters of
the MTJ. Finally, we include a parametric study as a function
of the coupling coefficient and magnetic parameters.

II. EXPERIMENTAL
A. Fabrication of MTJs

The MTJ multilayer structure is the following: Si /SiO> /
CMP /(4) Ru/ (6) IrMn/ (2.5) CoFe / (0.8) Ru/(2.5) CoFeB
/(1) MgO / (1.8) CoFeB / (1) MgO / (3) Ru/ (5) Ta / (2)
Ru / (3) Pt (thickness in nm). The bottom CoFeB reference
layer is in-plane magnetized and is coupled to the CoFe layer,
pinned to the IrMn antiferromagnet. The top CoFeB layer is
characterized by a perpendicular magnetic anisotropy owing
to the significant double MgO interface anisotropy contribu-
tion. The thickness of the MgO tunnel barrier corresponds to
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the RA product of 3.6 Qum?.

Mixed-match three-step lithography using electron and op-
tical lithography is performed including ion beam etching and
the lift-off process to fabricate serially connected MTJs with
the necessary measurement contacts (Fig. 1). The nominal
dimensions of all MTJs are 130nm in diameter, which are
encapsulated in A1203. The resistance of a single MTJ is
around67 Q. Detailed magnetic characterization and fabrica-
tion process is described in our earlier work [10].

|
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FIG. 1: Lithography mask of a single device consisting of
two serially (head-to-tail) connected MTJs. Pink colour
denotes a bottom electrode, red the via, violet represents the
top electrode. MTJs are not visible at this scale and are
fabricated on thin intersections of top and bottom electrode.

B. Measurement setup

Schematic of the measurement setup used in the experi-
ment is presented in Fig. 2. The setup consists of an radio-
frequency (RF) generator (Agilent E§257D) connected to the
first symmetric port of the RP power splitter (Mini-Circuits
ZN2PD2-14W-S+). The second symmetric port of the splitter
is connected to the RF power amplifier (Mini-Circuits ZVA-
213-S +) powered by a 12V DC power supply. The amplified
signal is fed into an RF spectrum analyzer (Agilent N9030A).
The combined (main) port of the power splitter is connected
to an RF port of a bias tee (Mini-Circuits ZX86-12G-S+).
An DC port of the bias tee is connected to the sourcemeter
(Keysight B2912A). RF port of the bias tee connects to an RF
probe (Picoprobe) that allows for the connection of the sam-
ple. When the RF generator was not in use it was replaced
with the 50 Q RF terminator.

The measurement system was completed with a mag-
netic field generator set-up, consisting of fixed electromagnet
(GMW model 3472-70) powered with a current source (Kepco
power supply BOP 50-20MG) and a gaussmeter (Lakeshore
DSP-475) for magnetic field readout during electromagnet
calibration. To change the orientation of the magnetic field
vector relative to the sample plane, a dedicated rotating probe
station (manufactured by Measline Ltd.) driven by a specially
designed linear stepper motor driver system is used, described
in [11].

Spectrum

Sourcemeter

FIG. 2: Measurement setup used for injection locking
experiment, utilizing directional coupler, RF generator,
spectrum analyser, bias T and sourcemeter.

III. RESULTS
A. Synchronization of a single element to an external 2 f signal

Following the procedure described in [12] we attempt to
synchronize the STO with an external RF signal via the injec-
tion locking mechanism. To determine how it affects the sig-
nal parameters, we devised a setup (Fig. 2) consisting of two
MT]I connected via a bias-T to a sourcemeter (which provides
constant current bias) and to the RF setup: directional coupler,
spectrum analyzer, and RF signal generator. As it is generally
difficult to obtain an ideal impedance matching across con-
nection between the MTJ and probe, as well as the impedance
of the MTJ itself usually is different from 50 Q. This makes
observation of direct synchronization to the 1 f signal difficult
due to the significant reflection of the signal from the genera-
tor. Therefore, synchronization to the 2 f signal might be used
to investigate the synchronization of the MTJ to an external
excitation and the full width at half maximum (FWHM) pa-
rameter can be used as a synchronization indicator.

The connected element was powered with a voltage of
—250mV and subjected to a magnetic field of —120.16 kA/m
at spherical angles of 6 = 25° relative to the normal sur-
face vector and in-plane ¢ = 110° measured from the posi-
tive x axis. This resulted in a free oscillation frequency of
around 4.075 GHz. Then the signal from the RF generator
fgen changed in the frequency range from 7.9 GHz to 8.3 GHz.
The center frequency of the oscillation of STO is presented as
red dots overlayed on spectra in Fig. 3 and for a range of
Seen values it follows the fg.n/2 frequency, which indicates
that element is synchronized with the provided external 2f
RF signal.

We calculated the FWHM for each measured point, shown
in Fig. 3b). In the locking region, the FWHM significantly
drops, from the average of 12.5 MHz to less than 2.5 MHz.
This drop in the FWHM of the signal is another indication of
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FIG. 3: (a) Power vs. frequency for different f., values. Black dots represent maximum power points, the red line denotes
feen/2 and the dark blue one fgen. (b) FWHM of the signal generated by the STO versus fyen. The synchronization region is
accompanied by a decrease in FWHM by a factor of 5. c¢) locking range Aw as a function of generator power P. Note that the
X-axis is in —P units. As the generator power increases, the locking range increases too.

the synchronization process.

It is worth noting, that for a synchronization to occur, the
experimental conditions must be very precisely controlled:
the sample must me aligned precisely with an external mag-
netic field; the value of this magnetic field as well as DC bias
require careful experimental tuning with successive approxi-
mation to achieve stable free oscillations.

B. Power levels in synchronization to an external 2/ signal

The next step was to identify the power of the external gen-
erator, which is necessary to achieve the synchronization of
the two signals. To do so, we need to take into account that
power levels set on the equipment and observed during mea-
surements are affected by the measurement setup and electri-
cal connections. Using a vector network analyzer, the trans-
mittance in the path from the RF signal generator to the con-
nection port (see Fig. 2) was determined to be —10.692 dB at
the representative frequency of 4.00 GHz. A similar measure-
ment determined that the transmittance on the path from the
connection port to the spectrum analyzer is 15.833 dB at the
same frequency.

The final path of the signal from the connection port to the
sample is realized using an RF probe with flexible RF wires.
At this point there is an impedance mismatch between the
50 Q system and the undetermined impedance of the sample.
Therefore, VNA was calibrated with an open, short and refer-
ence 50 Q impedance (Picoprobe Calibration Substrate CS-8)
connected to the RF probe and then a measurement was taken
with a representative sample connected to the system. This al-
lowed, after some standard and simple calculations, to apply

correction to all the measured power levels.

Synchronization, indicated by a decrease in FWHM, was
determined to occur at injected power level delivered to the
element of around —18.740 dBm, while the true power gener-
ated by the element peaks at —29.565 dBm.

If we wanted to employ a similar method of synchroniza-
tion by using another MTJ in place of the generator, then we
would find that the output signal level of the first MTJ injected
into the second is below the signal level required for injection
locking of the second MTJ. However, what we show below,
is that the mechanism of the synchronization to 1f is likely
more efficient than the one for 2f.

C. Mutual synchronization of two serially connected STO

We now turn to examining two serially connected STOs,
knowing that a decrease in FWHM is a good indicator of
the synchronization effect. First, we collected auto-oscillation
data for each element separately (indicated as left L and right
R in Fig. 4), and then measured them when connected in
series with a tail-to-head type connection. In all measure-
ments, the current flowing through the elements was kept at
the same value: Ipc = —2.90mA. For each situation FWHM
we calculated and compared separate elements and their se-
rial connection, as presented in Fig.4a). Both MTJs oscillate
at similar conditions, especially at the magnetic fields below
1.6 kA/m, therefore to determine the synchronization condi-
tions, one needs to analyze the oscillation linewidth.

It can be observed that the oscillation pattern is more com-
plex for a serial connection than for a single element. This
effect might be attributed to synchronization of the devices to
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FIG. 4: Electrical synchronization and desynchronization of two serially connected MTJs. (a) In-series signal with insets
illustrating separate left (L) and right (R) MTJ. The lavender-colored line designates the common resonance mode. (b) Main
resonance of L, R and in-series systems. (c¢) FWHM of the resonance spectra and (d) the synchronization and
desynchronization ranges of L and R relative to the in-series (S) signal.

each other, as we see a slight decrease in the FWHM value
for some narrow conditions. The synchronization mechanism
for serially connected MTJs is different from the previously
presented synchronization with the 2f signal, as in this case
we used the 1f frequency directly, and the change in FWHM
is rather subtle as we are working in a regime of much lower
powers than signal from the generator.

Fig. 4 d) reveals more information on the differences be-
tween the in series oscillation (S) and individual resonance
modes of the L or R elements measured when they were not
connected serially. Each line represents an absolute difference
between two resonance modes from Fig.4b). Starting from
about 95 kA /m we see that the line (L-R) follows the line (L-
S), which means that the in-series oscillator aligns itself with
one of the individual modes R measured outside the in-series
connection, because (R-S) lingers near O during that period.
This situation continues, even in the region when at approx-
imately 132 kA /m the R and L signals begin to stray further
apart from each other. In between, we observe a brief moment
of nonforced synchronization in the region 125kA /m, where
all signals naturally oscillate with the same frequency, also
indicated by a drop in the FWHM visible in Fig.4c). Finally,
beyond the 145 kA /m mark, the (L-R) line does not align with
either (R-S) or (L-S). Such a pseudo-desynchronization from
the R signal means that the in-series system begins to oscillate
at its individual mode, different from the one enforced by R
as at the lower field values. In order to get deeper insight into
the mechanisms of synchronization, we performed a numeri-
cal simulations of the serially connected MTJs.

IV. NUMERICAL SIMULATIONS

For numerical simulations, we use the Landau-Lifschitz-
Gilbert-Slonczewski (LLGS) macrospin equation [13-16], as
implemented in the CMTJ library [17]:

dm dm
— = —Ym X Heff + ogm X — + f(awrlvp) (1)
dt dt
where m = % is a normalized magnetization vector, with

M, as magnetization saturation, 0g as dimensionless Gilbert
damping parameter, and 7}y is the gyromagnetic factor. For our
simulations, we include the spin-torque form f(A,n,p):
hj n

4 T 2
eﬂoMsl’FM 1+Am- P @

fnp)=-% mxmxp
where p is the vector of the normalised reference layer, 7 is
the spin polarisation efficiency, pv as the thickness of the fer-
romagnetic layer (FM), j is the input current density through
the reference layer, and A is the angular parameter of the STT.

In our experiments, we include the following contributions
to the effective field: the demagnetization field, the anisotropy
field, and the external magnetic field. Each MTJ is composed
of two FM layers, where the bottom layer is set as a reference
layer for the top layer, which accounts for the STT modeling.

A. Finding the MTJ parameters

To adequately reproduce the fabrication parameters, we
perform Bayesian optimization with respect to the maximum
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Parameter | Value| Unit
M 0.92 T
M» 1.21
K1 0.31 3
Ko | 635 |M/m

TABLE I: Parameters obtained from running the Bayesian
optimisation on the single junction.

resonance lines obtained from the auto-oscillation spectra un-
der DC. In this procedure, we find the optimal parameters for
one of the junctions in the pair. We designed a macrospin sim-
ulation using the CMTJ package [17] where we sweep with the
external magnetic field in the range [0, 160] kA /m, at the po-
lar angle 6 = 5° and the azimuth angle ¢ = 90°. At each
step, we apply a constant current density, equivalent to feed-
ing 1.5mA perpendicularly through the junction. We assumed
the perpendicular anisotropy of the top layer and the in-plane
anisotropy of the bottom layer. The IEC energy is assumed to
be negligible in our experiments. In the next step, we run the
Bayesian optimisation algorithm with a mean squared error
(MSE) cost function:

MSE =Y (fi — /i)* 3)

where the index i iterates over steps of the applied field, f; is
the experimental frequency measured at H; and f; is the sim-
ulated frequency at H; under the set of parameters currently
considered. Due to the multiplicity of proximate solutions
[18], it is necessary to limit the design space with a set of
the boundaries, thus we seed the optimization process with
a boundary condition in the approximate range of reasonable
values of M and K, (uniaxial anisotropy constant) for each
layer. In our procedures, we used the Python package for
Bayesian optimization [19]. Shortly, Bayesian optimisation
relies on optimising the acquisition function u over a Gaus-
sian process [20, 21], such that:

6 = argmax u(6|2) 4)
0

where & is the resonance frequency data, 0 are the MTJ pa-
rameters to optimise, and  are the best-fit parameters. The
successive suggestions are sourced by evaluating the acqui-
sition function with some added noise. The starting prior is
usually chosen as a uniform distribution. We use the upper
confidence bound (UCB) algorithm as the acquisition func-
tion and run the optimization for 500-1000 steps.

As a result of running the optimization, we obtain an ap-
proximate local minimal solution of the saturation magneti-
zation M 1, Ms and magnetic anisotropy energies Ky, 1, Ky 2,
with final values summarized in Tab.I (the numerical subscript
indicates the layer index, 1 denotes free and 2, the reference
layer). Fig.5 presents an example auto-oscillation spectrum
with the solid line representing the experimentally measured
maximum amplitude resonance line.
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FIG. 5: a) The spectrum computed from the parameters
obtained during Bayesian optimisation procedure for a single
MT]J. Dotted white line represents the experimental main
harmonic resonance line. The precise parameter values have
been placed in Tab.1. b) simulated injection locking with
Ajac/jpc =0.2.

B. Model of synchronization

A theory of synchronization of a single MTJ follows an
auto-oscillator theory developed in [22]. First, we attempt to
obtain the phenomenon of injection locking at a frequency 2 f,
where f is the natural frequency of an MTJ in a given field
Hexe and jgc. Locking to the 2f frequency instead of f has
the experimental advantage of removing the crosstalk from
the generator. We find a ratio Ajac/jac between 0.1 and 0.2
sufficient to achieve injection lock. The results of simulated
injection locking are depicted in Fig.5b). The MTJ oscilla-
tions snap to fgen/2 of the locking signal, as illustrated by the
change of slope within the synchronization range.

We enforce the synchronization behavior of electrically
coupled MT]Js after Taniguchi et al. [8]. We assume that two
oscillators are sufficiently far apart so that there is no dipole
interaction between them. There are two available configura-
tions for connecting two MTJs, serial and parallel, and in this
work we only consider the former. In each, the current de-
pends on the free magnetizations m and the reference layers p
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FIG. 6: An example of in-series synchronization and desynchronization of two MTJs. (a-c) negative, positive, and null values
of J, the coupling constant. We can observe that two MTJs begin to synchronize above 125 kA/m in case of negative y(a) and
between 40 and 75 kA/m for a positive ¥ (B). The dark blue and azure colors in the third panel (c) show the individual
resonance modes of MTJs while they are excited with an equal current density before being connected in series. (d-g)
Normalized mutual locking ranges AH for four values of the coupling constant: d-e) positive and e-g) negative ), respectively,
calculated for a range of M and K, > values. Red lines denote | x| = 0.05 and blue lines |y| = 0.1.

of the junctions #,; and i + 1,;:

(series) (5)
(parallel) (6)

I(t) = Io(t) + xlo(t) (my - p; +mypp - Piy1)
1(t) = 1o(t) + x1o(t) (my - p; — M1 - Pi1)

where Iy(t) is the value of the current fed into the first MTJ
in the connection and x is the unitless coupling strength. We
show an example of synchronization in Fig.6. The first of
two serially connected MTJs was created with the parameters
derived from the Bayesian fitting procedure in the preceding
section, while the other had each of its parameters initialized
from a normal distribution centered on the original MTJ pa-
rameter value, with a standard deviation of §. The applied
external magnetic field is 300 kAm/m, at (6,¢) = (15,90)
and the system was excited with a constant current density of
36.7 GA /mz. In addition, we conducted parametric simula-
tions for the locking ranges AH for a range of values of M >
and K> of the second junction of the in-series connection.
Upon varying either of the parameters, all remaining values
are given as in Tab.I. When the absolute value of ¥ increases,
we observe a widening of the peaks and a clear expansion of
the locking range over a larger scale of the parameter varia-
tion, most evident in Fig.6f). Interestingly, that increase in
x has a larger impact on the tolerance of the M parameter
than on the anisotropy energy. The drift towards larger val-
ues of the parameter in all figures suggests the secondary har-
monic synchronization phenomenon (the natural frequency of
the second MTJ naturally increases as either of the parameters
increases).

V. DISCUSSION

Achieving electric synchronization with spin-torque oscil-
lators requires a great level of precision and tedious tuning
of the junction parameters. Apart from the difficulty in or-
chestrating the correct setup, specific synchronization ranges
depend largely on the relative parameter dispersion. Based on
the experimental approach, we were able to present the oscil-
lations in individual STOs and in serially connected pair of
MT]Js. Finally, we note that the desynchronization, i.e. rela-
tive drift of the individual modes from the common mode, can
be both measured experimentally and modeled with a rela-
tively simple model. Simulation results suggest that the paral-
lel connection of the STOs may lead to improved synchroniza-
tion, however without possibility of determining the perfor-
mance of individual elements. Joint experimental and numeri-
cal methodology established in this work allows for inspecting
individual MTJs separately and then measuring the resonance
spectrum of the same pair in a in-series connection. Such an
inductive approach facilitates numerical modelling and as a
result may give deeper insight into the operation conditions of
the system as a whole. One method to achieve reliable lock-
ing of two MTJs in the same mode may be to connect more
devices together, creating less selective circuits with broader
bandwidths. Developing such a method can lead to promising
opportunities for creating arrays of tunable oscillators capable
of performing simple computing tasks.
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7. Measurement and fabrication techniques

During work on this thesis mainly experimental work was done, what included fabrication
of samples as well as taking measurements and afterwards analyzing the results. In this chapter
manufacturing process of the spntronic nanodevices is described, the measurement setups used for
characterization of such devices are presented and finally software used for automatization of such

measurements as well as data analysis.

7.1. Fabrication

Multilayer structures were prepared externally by Singulus AG (Germany) and in AIST
(Japan) on an oxidised silicon substrate (Figs. 7.1-7.3). Nanofabrication was carried out in the
Academic Center of Materials and Nanotechnology (ACMiN AGH) and the process and its
description was adapted from [30] with some changes introducing mixed-match litography using
both UV and e-beam processes. Earlier the whole process was done using e-beam litography,
but this approach tended to be very time-consuming, as exposure of large areas of top and
bottom electrode were slow. This was eliminated with usage of MicroWriter ML3 Pro by Durham
Magneto Optics direct-write UV-litography system, which allows for quick exposures of large
areas with an effective process resolution of around 1 pm, which is enough for electrodes/contacts
while reducing time needed for this exposure from around 6 h to 4 min.

To produce a spintronic nanodevice following steps are taken:

* the bottom electrode is being formed (Figs. 7.4-7.7)

* the insulation is applied, to prevent forming unwanted connections during further processing
(Figs. 7.8-7.9)

* pillars and vias are formed and the insulation oxide is applied (Figs. 7.10-7.14)

* top electrode is formed, including measurement contacts and other connections (Figs.

7.15-7.20)
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Figure 7.1: A polished and (if required) oxidised silicon Figure 7.2: A thin film of target material is deposited
by means of magnetron sputtering. Optionally, an oxygen

flow may be provided in order to deposit target material

oxide (e.g. M gO, Al203).
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Figure 7.3: Requested layer stack with metallic bottom Figure 7.4: A negative UV photo-resist (AR-N 4340) is

buffer and capping layer is deposited by means of applied in spin-coater at 6000 rpm, resulting in thickness

magnetron sputtering. The sample might be annealed to of approx. 1.25 pm. Then the sample is baked for 60 s at

recrystallize all layers. 90°C.
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Figure 7.5: The UV photo-resist is exposed using UV Figure 7.6: The UV photo-resist is developed using

direct-write process to transfer bottom electrode shape. AR 300-475 developer bath for 20s and then rinsed in

After the exposure the sample is baked for 120s at 95°C  deionized water (DI-H20) for 30 s.
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Figure 7.7: The sample is etched using ion etching to form  Figure 7.8: Al>Os is deposited to match the etched
a bottom electrode shape by reaching S% substrate. Mass  height, using magnetron sputtering with Al target and O-
spectrometer is used to determine layers that are being injection near the sample.
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Figure 7.9: The UV photo-resist is removed Figure 7.10: A negative e-beam-resist (AR-N 7520.17) is
with excess Al2Osz (the lift-off process) using applied in spin-coater at 6000 rpm, resulting in thickness
1-Methyl-2-pyrrolidinone by Sigma-Aldrich in ultrasonic  of approx. 0.3 um . Then the sample is baked for 60s at
washer for 15 min at 72 °C. 85°C.

% moving electronbeam

Si substrate

R

Side view Top view Side view Top view

Figure 7.11: The e-beam-resist is exposed using electron Figure 7.12: After developing the e-ebam-resist (AR
beam to transfer pillar (circle) and via (square) shapes. 300-46 for 90s, DI-H>O for 30s) etching is performed
(Dimensions in the figure are not to scale). to reach bottom buffer. Etching time is strictly controlled
based on the mass spectrometer signal, referenced to the
data obtained during the first etching process (Fig. 7.7).

The pillar and the via are formed.
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Si substrate

Side view

Top view

Figure 7.13: Al>Os is deposited to match the etched

height, using magnetron sputtering.

Si substrate

Side view Top view

Figure 7.15: A positive UV photo-resist (AR-P 3740) is
applied in spin-coater at 6000 rpm, resulting in thickness
of approx. 1.7um . Then the sample is baked for 60s at
1000 °C.

Si substrate

Side view Top view

Figure 7.17: The UV photo-resist is developed using
AR 300-47 developer bath for 10s and then rinsed in
DI-H>O for 30s.

remover bath

Si substrate

Side view Top view

7.14: The
Al20s3

1-Methyl-2-pyrrolidinone by Sigma-Aldrich in ultrasonic

e-beam-resist is  removed

(the

Figure

with excess lift-oftf process) using

washer for 15 min at 72 °C.

Si substrate

Side view

Top view

Figure 7.16: The UV photo-resist is exposed using UV

direct-write process to transfer top electrode shape.

Si substrate

Side view Top view

Figure 7.18: Al (as buffer) and then Awu (as top electrode)

are deposited using magnetron sputtering.
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Aejjid 1L

Si substrate Si substrate

Side view Top view Side view Top view

Figure 7.19: The UV photo-resist is removed Figure 7.20: The process is completed. Contacts to access
with excess Al and Aw (the lift-off process) using top and bottom side of the MTJ pillar are available.
1-Methyl-2-pyrrolidinone by Sigma-Aldrich in ultrasonic

washer for 15 min at 72 °C.
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7.2. Measurement setups

To perform measurements that lead to preparation of this thesis generally two types of
measurement setups were used - one for DC measurements and other for measurements in RF
regime. Both of the setups allowed for external magnetic field application, measurement of DC
resistance and application of constant voltage across units under measurement. The measurements
for bot types of measurement were automated or semi automated by means of usage of computer

software, what allowed to take large number of measurements in a repeatable conditions.

7.2.1. DC measurement setup

Power supply

Analog signal

Motor driver

—
(O]
=
(o
T
©
©
[a]
(%]
)

Sourcemeter

Figure 7.21: Schematic drawing of the DC measurement station. 1 - contact needle (up to 4 were used), 2 - gaussmeter
probe, 3 - sample mounted on non-magnetic arm (both in-plane and out-of-plane orientations relative to magnetic field
are possible to achieve), 4 - motorized XYZ stage, 5 - fixed micro-positioner to provide contact needle alignment. Red

arrows indicating possible movement directions. Drawing adapted from [30].

The DC measurement setup (Figs. 7.21,7.22) is mechanically build based on a stationary
linear electromagnet (GMW-3480). Inside we have a sample holder operated by a tri-axial linear
motion system (Newport M-460P, Newport M360-90) motorized with electrical multimeter screws

with position sensors (Newport LTA-HS for X and Y axes and Newport TRA25PPD for Z axis)
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controlled with programmable motion controller (ESP-300). The mechanical side of the setup is
finished with up to 4-point electrical contacts (using gold or tungsten needles) operated by manual
micropositioners. This allows for placement of the sample parallel or perpendicular to the external
magnetic field and provide up to 4 electrical contacts. The motorized motion system allows
to automatically change measured element[88] (by changing sample position under electrical

contacts), what results in ability to automatically gather data for large number of elements.

Figure 7.22: DC measurement station photo, presenting stationary linear electromagnet, four DC-probes with
micropositioners and a 3D motorized stage. Inset in right corner: detail of the sample placement with probing needles

ready to be connected.

The electrical part of the DC measurement system is primarly based on a sourcemeter (Agilent
B2912A) that is used to perform 2- and 4-point measurements of resistance of the sample.
The setup is completed with means of controlling and measuring the magnetic field consisting
of gaussmeter (Lakeshore DSP-475) with a probe placed as near to the sample as possible, a
programmable voltage source (NI USB-6009) controlling voltage controlled current source (BOP
36-12M) which powers the electromagnet coils. Additionally coils might be cooled by a forced

water flow if it is necessary. The setup is capable of producing magnetic field up to 400 kA /m.

7.2.2. RF measurement setup

The RF measurement setup (Figs. 7.23,7.24) is constructed based on a stationary linear
electromagnet (GMW model 3472-70), with attached custom-made dual-axis rotation station.

In the station sample might be connected with up to 5-point contact probe, with 4 of its
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connections capable of forming 2 RF channels. The rotation station is driven with a custom made
linear stepper motor driver to reduce electromagnetic noise, which was previously produced by
pulse-width-modulation drivers [89]. The setup allows for applying any arbitrary magnetic field,

as the sample might be fully rotated inside the electromagnet.

Power supply

©
c
.20
I
Qo
o
©
c
<

Motor driver

USB adapter

RF measurement system
4

usB

GPIB

Figure 7.23: Schematic drawing of the RF measurement station. 1 - gaussmeter probe (used for calibration and removed
during actual measurement), 2 - 5-point RF probe connected to RF measurement setup, 3 - sample mounted on dual-axis
rotating arm, 4 - RF measurement system, see Fig. 7.25, 5 - dual-axis motorized rotating arm with two motors to allow

rotation of ¢ and 6. Red arrows indicating possible movement directions. Drawing adapted from [30].

The electrical setup (Fig. 7.25) connects to the sample using 5-point 2-RF channel probe.
Then there is a bias-T (Mini-Circuits ZX86-12G-S+) connected which allows for separation of
DC signal from RF signal. On a DC port of the bias-T a sourcemeter is connected (Keysight
B2912A) allowing for DC resistance measurement as well as providing DC voltage bias to power
the device under measurement while observing generation of RF signals. The RF port of the
bias-T is connected to a power splitter (Mini-Circuits ZN2PD2-14W-S+). Its first symmetrical
ports connects to RF signal generator (Agilent E§257D). The second port of the splitter connects
to RF spectrum analyser (Agilent N9030A) with RF power amplifier (Mini-Circuits ZVA-213-S+).
The amplifier is powered with DC power supply. The setup is completed with means of controlling
and measuring the magnetic field consisting of gaussmeter (Lakeshore DSP-475) with a probe used

before a measurement to calibrate conversion between control voltage and generated magnetic
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field. The reason for no continous magnetic field measurement is the fact, that sample rotates in
the setup thus it is not possible to easily place a magnetic field sensor nearby. Similarly to a DC
setup, a programmable voltage source (NI USB-6009) is controlling voltage controlled current
source (BOP 50-20MG) which powers the electromagnet coils. Additionally coils might be cooled
by a forced water flow if it is necessary. The setup is capable of producing magnetic field up to

640 kA /m.

Figure 7.24: RF measurement station photo, presenting fragment of stationary linear electromagnet, RF probe with

sample connected placed on a dual axis rotational stage. The stage is fully inserted into the electromagnet.

RF generator

Bias T
RF p_ower RF probe
splitter
Connection | |
port
DUT
PA :
Spectrum
Sourcemeter

Figure 7.25: RF measurement system block diagram. PA stands for RF power amplifier, DUT - spintronic device under

test. As presented in [3]
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7.3. Software

The most important part of the measurement system, regardless of the fact how complex
measurement equipment is being used, is software that performs various types of measurements
on each of the hardware setups. This was crucial during all the experiments conducted, as allowed
to collect wide range of data for different samples and conditions (like external magnetic field

vector, applied voltage and any possible combination of them all) without manual intervention.

Also the software was used for automated data analysis to extract data of interest and
then prepare logical and nearly ready-to-present views of such analysis results. What is more
an automated analysis process allowed to provide some feedback "on-the-fly", so further
measurement parameters adjustments could be done quickly. This not only improves overall
throughput, but also reduces interruptions in measurement process, so the long term ambient

condition changes (like temperature variations) are greatly reduced during the whole process.

7.3.1. LabVIEW software

In the beginning of preparation of this thesis mainly software designed in LabVIEW (by the
supervisor of the thesis and then developed by various members of the research team, including
the author of the thesis) was used (Fig. 7.26). The software provided an advanced graphical
user interface with capability of displaying multiple measurement series as well as executing
single or series of measurement with different parameters swept. The tool allowed for performing
very wide range of measurement types, however it is worth noting that adding a new custom
measurement was not so straightforward due to usage of LabVIEW. The software also allowed
for data export using various formats and both single measurements and selected subsets of them.
The measurement export data included whole numerical data that was logged as well as some
basic information about the measurement - this means sometimes not enough data was stored to
fully reproduce measurement conditions as seen from software point of view. The software was
handy and was a great step towards measurement automation, but after a years of usage and lots of
modifications by various users it started to be impossible to maintain (including version control)
as well as LabVIEW itself caused a lot of stability- and resource-related issues, especially when
collecting large sets of data (fortunately the software included some measures that provided some

data backup in case of failure).
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Figure 7.26: Screenshot of LabVIEW software (Transport Measurement) used for multitude spintronics measurements.

7.3.2. Python software

The author of the thesis, facing issues with previously described LabVIEW software decided
to prepare a lightweight and independent tool to perform automated measurements as well as
a tool-set to automatically analyse measurement results. The programming language of choice
was Python as it combines flexibility, relatively low resource utilization, wide range of available
libraries and other utilities (like easy access to physical IO including GPIB or RS232 as well as

wide range of libraries for data storage, analysis and display).

The decision was made to opt-out from having a graphical user interface, as it was the main
limiting factor in terms of measurement flexibility. Instead of that the software might be considered
as a set of functions that provide easy access to all measurement steps needed as well as data
storage and simple display (Fig. 7.27). Such approach enables for very easy development for
even complex measurement procedures, with multiple nested measurement loops, each changing
other set of parameters. Also changing order as well as removal or addition of measurement steps
might be easily achieved as each experiment control procedure might be considered as a separate
Python script. What is more, Python as a text-based language, in contrary to LabVIEW graphical
software design, can be easily version-controlled and maintained by allowing for easy change
comparison between subsequent alterations by the users. Last but not least, the data storage was

much improved in various ways. First of all an important feature was included, that stores the
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whole measurement script alongside with the data collected, allowing for easy reproduction of the
exact measurement, even if some data was not included in comments. Also the data is transferred
to the non-volatile storage from RAM of the computer every time such operation is requested,
what allows to easily manage RAM utilization during the measurement process. Finally the data is
stored by default in a human-readable format (JSON) and divided across multiple files. In order to
reduce the size of the file as well as provide a single file containing all the data of interest a whole
set is compressed into a *.zip archive that simultaneously allows for very easy data access. A
final touch is semi-automated file naming, that includes both user-provided file name core as well
as automatically added date and time of the measurement. Overall the stability of measurement
process was greatly improved and the measurement time was significantly reduced as compared
to LabVIEW-based solution - for a representative measurement of synchronization to 2f signal,

as presented in Ch. 6, time was reduced from around 12 h to 8 h.

for H in np.linspace(Hcent - Hrange / 2, Hcent + Hrange / 2, Hpoints):
msmnum += 1
time_start = time.time()
field.setFieldSlow(H)
msmData.setParam('H', H, 'Oe')
sm.setOutput(True)
plotSleep(0.7)

msmData.setParam('V', sm.measureVoltage()*1000.0, 'mV')
msmData.setParam('I', sm.measureCurrent()*1000.0, 'mA")
msmData.setParam('R', sm.measureResistance(), 'Ohm')

freq, power = sa.getMeasurement(120.0)
msmData.addMeasurement(np.array(freq)/1e9, power, True)
sm.setOutput(False)

msmData.completeSeries()

tim = time.time() - time_start

times.append(tim)

avg = sum(times) / len(times)
left = avg * (msmtot - msmnum)

print("--- {:.6f} s ---".format(tim))

print("--- {:.0f} % ---".format(msmnum / msmtot % 100))

print("--- {:s} LEFT".format(str(dt.timedelta(seconds=round(left)))))
print()

sm.setOutput(False)
fgen.setOutput(False)
field.setFieldSlow(0)
print("Finished!!1")
msmData.finish()

Figure 7.27: Screenshot of fragment of Python-based measurement script including main measurement loop as well as

measurement time prediction.
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8. Summary

The thesis presented two novel and promising applications of magnetic tunnel junctions as well
as research leading towards even more. Also an comprehensive description of research methods,
fabrication processes and tools used was included to allow for reproducing of the results.

The first novel concept presented was multi-state MRAM cell, obtained by serially
(head-to-tail) connecting multiple magnetic tunnel junctions. Such a connection allows for gradual
and quantized resistance increase of the system, instant decrease of the resistance level to minimum
value and a wide range of positive and negative voltages not resulting in any change of the system
state. Systems of up to seven serially connected MTJs were experimentally tested and exhibited up
to eight stable states, what allows for storage of three bits of data in a single device. Considering
the fact, that usually cell-driving transistor size is greater than size of actual MRAM cell and is
related to switching current needed, such a solution provides a way to increase data density in
future MRAM devices.

Basing on the previous research, and considering challenges in producing multi-state MRAM
cells with small parameter variance, another application of such cells was emerging: artificial
neural networks. First an behavioral model of single MTJ was prepared, that allowed to perform
simulations of serially connected elements, so a model of R(V') curve for a multi-bit cell was
possible to be computed. Next an architecture of voltage feed-forward artificial neural network
involving such elements was presented, and reflected in standard CMOS technology of UMC
180 nm. Combining all the data a full simulation of such neural network was performed, proving
that results of such computing idea are promising and might replace other solutions in the field, as
they prove to be energy efficient.

The success in designing the artificial neural network lead to further interest in the area. As
other researchers examined artificial neural networks working in pulse or frequency domains it is
assumed that some interconnections of spin torque oscillators may lead to an interesting solution
too. On the path towards such solutions experiments were made to check on how spin torque
oscillators might synchronize their signal to an external signal and signal generated by other
elements of the same type. Such experiments lead to a very clear and strong synchronization
to external signal of 2 f, therefore use of such components as frequency dividers is possible. Also

a mutual effects between two serially (head-to-tail) connected elements were observed, including
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synchronization of their oscillation. Such results are promising and serve as a good starting point
for further research in the field of using spin torque oscillators in artificial neural networks.
Overall a few practical applications of magnetic tunnel junctions were proposed and proven
to work. Also a research towards new circuits involving spintronic devices were done. The whole
research process was very complicated, as fabrication of MTJs as nanodevices was challenging
and very time-consuming. Also sometimes the fabrication process was not successful, even due
to slightest variation of fabrication parameters. What is more the measurement process posed
other types of challenges, such as practical inability to reproduce exact connection characteristics
between experiments separated in time as well as often loosing unprotected and sensitive bare
MT]Js to various kind of electrical spikes in the measurement system, that occurred despite proper
shielding and grounding of all the equipment. Taking all of this into account, as well as good
and promising results of the experiments taken, the whole work might be declared as successful.
It is hoped that outcome of the research will lead to significant applications of magnetic tunnel
junctions in industry as well as will extend overall knowledge in this area by being a starting point

for future studies in the matter.
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